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CHAPTER I 
INTRODUCTION 
The CaF 2 lattice can be visualized as a cubic array ofF- ions 
with a ca 2+ at every alternate body center position. Owing to their 
similarity in ionic size rare earth (RE 3+) and Mn 2+ ions can readily 
substitute for ca2+ in this lattice. In the case of RE 3+ ion 
substitution the interstitial F- ion charge compensator, which 
preserves charge neutrality, is located either in nearest neighbor (nn) 
or in next nearest neighbor (nnn) positions. This respectively leaves 
these dipolar (RE 3+-F-) complexes with the tetragonal (C 4 v> and the 
trigonal (C 3v> symmetry.(!) RE 3+ ions which are nonlocally charge 
compensated can also exist, these possess cubic (Oh) symmetry.CZ) 
The spectroscopic behavior of rare earth ions has made RE-doped 
CaF 2 a suitable material for applications such as infrared up-
converters; photochromic, information-storage materials; optically 
pumped microwave masers; and acoustic spectrometers.< 2 ) In recent 
years, rare-earth-doped CaF 2 has a i so been used successfu 1 1 y in 
thermoluminescence (TL) dosimetry where the luminescence properties of 
the rare-earth ions have made these materials sensitive radiation 
dosimeters,< 3 > and this thesis wi 11 concentrate on this particular 
application. 
Traces of rare-earth impurities, particularly Ce, even in so-
cal led "pure" CaF 2 can dominate the response of this material to 
ionizing radiation.< 4•5> The investigation by Sunta< 6) of the mineral 
') 
"-
CaF2 containing Ce3+ impurities, of Ce3+ ion implantation in synthetic 
CaF 2 by Bangert ~t 91< 5>, and the charge conversion of irradiated rare-
earth ions, also in synthetic CaF 2, by Merz and Pershan< 7 > are some 
examples of studies of the TL behavior of CaF 2:ce. 
The investigation of RE 3 + ions in general as efficient 
sensitisers for Mn 2+ luminescence has revealed that those RE3+ ions 
which by themselves are poor luminescence emitters are the efficient 
sensitiser for Mn 2+ and conversley those which strongly produce their 
own luminescence are poor sensitisers.(8) Ginther< 9> and Sen .and 
Bose<IO) suggest that ce3+ is an efficient sensitiser for the Mn2+ 
emission. In his recent model for TL production in CaF 2:Mn, Sunta 
suggests that the 495nm TL emission from Mn is the result of non-
radiative energy transfer from traces of rare-earth Ce3+ ions to Mn2+ 
ions.<B) 
The use of both CaF2:RE and CaF 2:Mn in TL dosimetry is widespread 
and in order to overcome problems such as a lack of reproducibility and 
of reusability when using the dosimeter materials, a knowledge of the 
precise TL mechanism (i.e. the identification of the defects involved 
in the production of TL) wou 1 d prove usefu 1. Although there has been 
considerable research effort into the TL properties of CaF 2:ce and 
CaF 2: Mn, the exact TL mechanisms in these materia 1 s are st i 1 1 
uncertain.< 5•6•7•8 • 11 • 12,l 3 ) For example, Sunta's model for TL from 
CaF 2:Mn{B) suggests that the electrons which are produced along with 
holes during ionizing radiation are trapped by traces of RE 3+ ion 
impurities forming RE 2+ ions. Holes are trapped elsewhere (at unknown 
sites). Heating releases the holes which recombine with electrons to 
form RE 3+* (RE 3+ ion in an excited state). The non-radiative de-
3 
excitation energy from RE 3+* to RE3+ is then transfered to Mn2+ ions 
? * ., located in the close vicinity. This produces Mn~+ (MnL+ in an excited 
state) fo 1 1 owed by the re 1 axat ion to M n2+ and the emission of 495nm 
1 ight. He suggests that the ce 3+ ion is acting as a sensitizer for 
emission from Mn during TL production in this material. 
In view of the importance of Ce in CaF 2 it is the purpose of this 
research to study, by the application of several solid state techniques 
(Tl, optical absorption, photoluminescence and Thermally Stimulated 
Depo 1 ar i zat ion Currents (TSDC)) the ro 1 e of Ce in the TL production 
from CaF 2:ce, both with and without Mn, and possible TL mechanisms in 
these materials are presented. 
In the following paragraphs we briefly describe each of the above 
techniques and discuss the type of information that can be gleaned from 
each of them. 
TL provides useful information on the properties of the various 
types of defect present within an insulator or semiconductor. The 
sensitivity of this technique is unrivalled and this makes it a 
valuable tool for the detection of trace impurities. Even in the most 
"pure" materials the presence of impurities is considered essential for 
the TL to occur.< 3) However application of this technique on its own, 
does not describe the defect structure of a solid. It is when it is 
used in conjunction with other experimental methods that the 
information gained can be very useful. 
By the application of the optical absorption technique 
information such as the concentration of defects, the presence of which 
results in 1 ight absorption in the UV-IR region, is gained. From the 
correlation between thermal "step annealing" measurements of optical 
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absorption (i.e. samples heated to a specific temperature) and TL, 
information about the types of the defect involved in the TL production 
may be gained. 
From photoluminescence measurements information such as the 
excitation and luminescence of the defect centers responsible for TL 
emission can be earned. Using this technique one canal so study the 
process of the energy transfer from sensitizers to activators which may 
result in TL emission. Photo-induced charge transfer dynamics can also 
be examined. 
The TSDC technique is a sensitive method for monitoring the 
concentration of dipolar defects within a material. Using this 
technique one can study the interactions, for example, between dipolar 
defects and other dipolar defects, or between dipoles and clusters of 
impurities within the material. The interactions may manifest 
themselves in a distribution of the activation enthalpy for dipole 
rotation. 
By way of an extended abstract we shal 1 now describe the main 
features of our experimental results, to be presented in greater depth 
in the chapters to fo 1 1 ow. 
The TL of CaF 2 :Ce contains two main glow peaks, one at 
approximately I00°C and the other at approximately 300°C. The 
photorevers i b 1 e charge transfer processes which take p 1 ace in this 
materia 1 are a strong i nf 1 uence on the ~ 1 00°C peak. The ~ 300°C g 1 ow 
peak is associated with the annealing of the ohotochromic (PC) centers. 
The work presented in this thesis suggests that the presence of 
Ce in CaF 2:Mn has a strong influence in the TL response of this 
material. The data suggest that even the presence of trace amounts of 
Ce will be enough to reduce the sensitivity of CaF 2:Mn to ionizing 
radiation. 
The TL glow curve of CaF 2 intentionally doped with botb Ce and Mn 
is akin to that of Ce-on 1 y doped samples rather than of the Mn-on 1 y 
doped samp 1 es. However the presence of Mn emission (495nm) as a 
component of the TL emission in the TL glow curves of this material is 
the main and obvious difference between the TL emission from this 
material and that from CaF 2:Ce. The TL mechanism in CaF 2:Ce;Mn can be 
envisioned as being essentially the same as for CaF 2:ce, as discussed 
above. 
We suggest that the presence of Mn emission in the TL from 
CaF 2:Ce;Mn may be the result of energy transfer from Ce to Mn (chapter 
6 section 0). A 1 ternat i ve 1 y, it may be due to re-absorption of 1 i ght 
(290nm) from Vk+e recombination by Mn/radiation-induced defect 
compl ex(es) (for example, a Mn/[-center)(chapter 6 section 0). In the 
spirit of the latter mechanism, it should be noted that as the Ce 
content increased, the 495nm Mn emission decreased. 
The TL for Mn-only doped CaF 2 shows two major glow peaks for low 
Mn concentrations. As the Mn content is increased the peak at higher 
temperature becomes larger and shifts to higher temperature with 
respect to the lower temperature peak. For high Mn contents (3%) the TL 
glow peak appears at approximately 300°C as a single, composite peak. 
We found that the presence of trace rare-earth impurities influences 
the TL and optical absorption from CaF 2:Mn. This thus affects the 
thermal stabi 1 ity and sensitivity of TL from these materials (chapter 7 
section A). 
At high Mn concentration we suggest that the TL mechanism is 
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dominated by the [-H type recombination processes at Mn2+_£ 
complex(es)(chapter 7 section 8). However, it should be emphasised that 
it is important to provide more-direct exper i menta 1 and theoret i ca 1 
evidence for the formation of Mn2+-~ complex(es) in CaF 2:Mn rather than 
the indirect evidence presented in this work. 
Based on the results presented here we find that rare-earth ions 
do not play a sensitizing role in producing the 300°C TL peak in 
dosimetry-grade CaF 2 : Mn. Thus, the mode 1 presented by Sunta (8), 
suggesting that non-radiative energy transfer from RE 3+ to Mn2+ is the 
dominant process in TL emission from CaF 2:Mn, is rejected. 
Finally, the thesis wi 11 report on measurements of TSDC peaks in 
CaF 2:ce and CaF 2:Ce;Mn. Using this technique, Ce 3+-Fint<C 4v) dipolar 
centers, in both CaF 2:Ce and CaF 2:Ce;Mn, have been investigated. The 
major reasons for this study stem from two sources. First it has been 
suggested that the c4v centers are the precursers to the photochromic 
centers in CaF 2:ce.< 14 > Second it has been reported that, in order for 
energy transfer from c4 v centers to Mn to take place, the distance 
between these two centers should be at least~ 40 lattice constants.< 9> 
In our TSDC measurements we were able to observe the influence of Mn on 
the d i po 1 e rotation. Our data do not support the contention that C 4v 
centers are the precursers to photochromic centers. Additionally in our 
samples the concentrations calculated by using the TSDC method do not 
represent the actual dipole concentration. 
CHAPTER I I 
THEORETICAL BACKGROUND 
Section A 
CaF 2 
CaF 2, with its natural ly-occuring form known as fluorite, belongs 
to the chemical compounds with the formula RX 2. In a compound RX 2 each 
ion of species R is surrounded by eight equ iva I ent nearest-neighbor 
ions of species X forming the corners of a cube of which R is the 
center (the site of R ion has Oh symmetry). Each ion of species X is 
surrounded by a tetrahedron of four equivalent R ions (the site of X 
ion has Td symmetry). The structure has a face-centered-cubic 
translational group and a space lattice of symmetry Oh(S) (figure 1). 
Some physical properties of a CaF 2 crystal are listed below: 
a) molecular weight is 78.08; 
b) lattice constant is 5.4629A; 
c) approximate melting point is !360°C; 
d) the band gap is 12.2eV; 
CaF2 containing rare-earth impurities is a suitable material for 
applications such as infrared up-converters, photochromic, information 
storage materials; optically pumped microwave masers; and acoustic 
spectrometers. (Z) Rare-earth-doped CaF 2 and CaF 2 doped with Mn have 
7 
Figure 1. 
8 
----o 
Q Rion 
......................... o/" 
0 X ion 
The structure of the fluorite RXz lattice. "a" is the 
lattice parameter of the conventional cubic unit eel l. 
For clarity, the X ions are drawn smaller than the R 
ions. (After Hobby(l9)). 
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also been successfully used in thermoluminescence dosimetry. (3 ) 
Section B 
Color Centers irr CaFz 
The importance of color centers in ionic crystals during the 
thermoluminescence process necessitates a discussion at this stage 
about such centers (structure and optical properties) in CaF 2. We wi l 1 
do so by first giving the methods by which color centers are produced. 
Pure crysta 1 s are transparent throughout the vis i b 1 e region of 
the spectrum. The crystals may be colored in a number of ways, viz: 
l. by the introduction of chemical impurities; 
2. by additive co I oration i.e. baking the the crysta 1 in the vapor of 
the alkali metal and then cooling it quickly; 
3. by ionizing radiation (x-ray, y-ray, neutron, proton and e 1 ectron 
bombardment); and 
4. by electrolysis. 
Chemical impurities such as trivalent rare-earth RE 3+ ions and 
divalent Mn2+ ions can substitute for Ca 2+ in this lattice. The 
interstitial F ion charge compensator, which preserves charge 
neutra I i ty during RE 3+ substitution, is 1 ocated in either a nearest 
neighbor (nn) position along <001> or a next nearest neighbor (nnn) 
position along <Ill>, thus respectively leaving this dipolar complex 
(RE3+_F-) with c4v or c3v symmetry< 1>. RE 3+ ions which are nonlocally 
charge compensated can also exist; these possess Oh symmetry<Z>. 
Clustering of c4v and c3v centers can readily occur in CaF 2.Cl) 
The presence of Mn 2+ in the CaF 2 lattice results in optical 
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absorption bands, as shown in figure (2). As i 1 1 ustrated, the 
absorption bands are assigned to transitions from ground state 6s to 
the excited 4G, 40, 4P and 4F states.< 15 > The luminescence at 495nm in 
CaF 2 is attributed to the de-excitation from the 4G level to the 65 
level of the Mn 2+ ion (figure 3).< 15 • 16 ) An absorption band at 450nm 
has been observed in CaF 2:Mn2+ irradiated at 77K.< 12 • 15 ) It has been 
suggested that this absorption band is due to transitions from the 7s 
(3d5) level to the 7P(3d54p) energy state of Mn+ (figure 4).< 12) 
The optical absorption from CaF 2 doped with low Ce concentrations 
(.01 mole%) reveals absorption bands characteristic of 4f to 5d 
electronic transitions within the Ce 3+ ions (figure 5). Refering to 
figure (5), the bands indicated as 8 and E have been assigned to 
transitions from the ground state to the excited 5d energy levels split 
by the c4 v crystal field and by the spin-orbit interaction (i.e. 
transitions within ce3+ ion within the ce3+_F- center (C 4v>; see figure 
6).<1 7•18•19> The bands labelled C and D have been suggested to be due 
to the 4f-5d transitions within ce3+ ions within clusters of the c4v 
centers (as the Ce content is increased these bands grow more rapidly 
than the B and E bands). It has been suggested that the ce 3+ in c 3v 
sites results in two very closely spaced absorption bands near 3!!.85nm 
(figure 7).< 17 > 
The strong doublet fluorescence emission (320 and 340nm) of ce3+ 
is attributed to the de-excitation from the lowest levels of the 5d to 
the 2F512 and 2F712 energy levels of the 4f electronic configuration 
split by the spin-orbit interaction (figure 8).< 17 ) 
ce2+ absorption bands are shown in figure (9). These bands are 
assigned to transitions from states of 4f5d to the 4f2 electronic 
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configuration. (ZO) 
As mentioned before, one of the methods by which a defect can be 
formed is by the absorption of ionizing radiation. Before discussing 
radiation-induced centers in CaF 2, a brief discussion of the mechanism 
respons i b 1 e for the creation of such centers in a l ka l i ha 1 ides is 
relevant. 
Exposure of ionic crystals to ionizing radiation results in the 
creation of electrons and holes, from which might be followed the 
formation of defects. The mechanism by which defects are created, 
during irradiation, in alkali hal ides has been wel I 
understood.C 21 •22 •23•24 > After the creation of free electrons and holes 
by the ionizing radiation, the holes become self trapped to form Vk 
centers (a hole trapped by two halogen ions along the <110> direction, 
d i sp I aced with respect to their norma 1 sites and forming an Xz 
molecule). The capture of an e I ectron by a V k center forms a self-
trapped exciton (Vk + e) in an excited state (i.e. either the electron 
and hole are both excited, or the electron alone is excited, or the 
hole alone is excited).(ZS) 
The electron and hole recombination (i.e. annealing of the self-
trapped exciton) can take place either radiatively or nonradiatively. 
It is the nonradiative recombination that can result in defect 
production.(ZS) In KCl, for example, nonradiative recombination of the 
electron and the hole when only the hole is in an excited state 
produces an f. -center (a ha I ogen ion vacancy with a trapped e 1 ectron) 
and an H-center (a halogen atom in an interstitial position).CZS) The 
separation of the [and the H center is the consequence of a col 1 ision 
sequence among the host Cl ions along <110>. This is due to the kinetic 
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energy transfer to them from the nonradiative electron-hole 
recombination (figure 10). 
Although there have been extensive studies aimed at understanding 
the defect production mechanisms during ionizing irradiation in 
a 1 ka 1 i ne earth fluorides, the exact mechanisms in vo 1 ved are st i 1 1 
uncertain.<Z3,Z 6 • 27 • 28 • 29 • 30 ) It has been suggested that the 
photochemical processes in these materials are very analogous to those 
in alkali hal ides.< 23 l It has been reported, however, that the self 
trapped exciton in fluorites is not equivalent to a Vk center plus an 
electron (Vk + e), but is closer to an E: and H pair.< 3 l,32) Four 
possible configurations for [ and H pairs in fluorite-structure 
compounds are shown in figure (1 !). The self-trapped hole (Vk) in CaF2 
is located primarily on two equivalent nearest-neighbor fluorine ions 
forming an F2 molecule with its axis along the close-packed <100> 
(figure 11). The H center consists of a hole shared between two F- ions 
with the proportion of 2/3 on the interstitial F- ion and l/3 on a 
substitutional F- ion, along <Ill>. The col 1 ision sequence as occurs in 
alkali hal ides along <110> during [-H pair production, has not been 
observed in fluorites.< 25 > Thus, fluorite compounds are difficult to 
color in their pure state. 
The E: center in CaF 2 is a sing 1 e e 1 ectron trapped in a fluorine 
ion vacancy (figure 12). The M center is composed of two nearest E 
centers either along the <I 10> or <100> directions. The R center is 
formed from three [ centers along <100>. The N center con~ists of four 
E centers in the (I 00) p 1 ane. The E center and severa 1 of its 
aggregates (M,R, and N) in CaF 2 have been produced by electron and X-
irradiation at 77K.< 27 •28 •33 l The F and M centers result, respectively, 
Figure !0. 
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(a) Self-trapped hole (Vk-center) and free electron after 
irradiation. (b) Dissociation of self-trapped exciton. 
x2 molecule departs in a <110> direction following the 
non-radiative recombination of e- and Vk. (c) H-center 
forms some distance from the E center. (After 
McKeever< 3)). 
Figure II. 
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Possible configurations of F-H pairs in CaF 2 . (a) The Vk 
center, aligned along <010>, before it captures an electron. 
(b), (c), (d), (e) configurations l, 2, 3, and 4 
respectively. ca2+ is represented by filled circles, while 
the dumb-bell shape indicates the H center, aligned along 
<Til>. Open squares represent the F center. (After Adair et 
al(3l)). -
Figure 12. 
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in optical absorption at 376 and 521nm.< 27 •33 •34 > Excitation in either 
the F or M band regions produces a broad emission band with the peak at 
585nm. ( 34 ) 
The self-trapped hole (Vk) in CaF 2 may be produced by X-
irradiation of undoped CaF 2 at 77K,< 25 •34 •35 •36 > but the presence of 
trivalent rare-earth impurity ions can enhance the initial rate of 
production of these centers.< 34 > The Vk center in CaF 2 results in 
strong optical absorption in the ultraviolet region (~310nm).< 7 • 37 l 
Electron and Vk recombination produces an emission at 279nm.<37 l It has 
been suggested that 50% of the holes created by X-irradiating CaF 2:Tm 
at 77K exist in a nonparamagnetic state at room temperature.< 37> 
Because H centers are formed as a consequence of F-center 
formation H centers, in undoped CaF 2, are also not easily formed. 
However, vacancy and interstitial centers are more easily produced in 
doped fluorites. For example these centers are produced in small 
amounts by irradiation at 77K of trivalent rare-earth doped CaF 2• 
(35,36,37) Upon warming the crystal the vk centers already formed 
during irradiation become mobile and after capture by the charge-
compensating F- interstitials H centers are produced.(35,36,37) H 
centers in CaF 2 result in a broad absorption band peaking at 
~308nm. <38 l 
Finally we wi 1 1 bring this section to an end by introducing the 
rare-earth/defect complex in CaF 2. 
Optical absorption of additively colored crystals of CaF 2 doped 
with La, Ce, Gd, Tb, Y or Lu show a spectrum known as the "four-band 
spectrum" (figure 13).<39,40) 
UV irradiation of these materials at room temperature results in 
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(a) P.C. spectrum of CaF2 with 0.3~ of Y, I.Omm 
thickness. (b) P.C. spectr~m of CaF2 wfth 0.05~ Ce, 2.lmm 
thickness. (After Staebler(j9J). 
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a reduction of the four-band spectrum and a growth of new absorption 
bands in the visible region, with a consequent change in the color of 
the crystal. Exposure of the crystal then to visible 1 ight, or to heat, 
results in the reverse process, and the material returns to the 
original state. Materials of this type are known as "photochromic" and 
they have important practical applications in information storage and 
display. 
It has been observed, using EPR techniques and a combination of 
linear- and circular-dichroism measurements, that the center 
respons i b 1 e for the four-band spectrum consists of a tr iva 1 ent rare-
earth impurity ion associated with a nearest F- vacancy with two 
trapped electrons (the defect thus posseses c 3 v symmetry).< 4) This 
center is called the "photochromic" (PC) center. Theoretical work< 4 l) 
suggests that the orbitals describing the PC center are the same as 
those of a perturbed [ center. The unperturbed [ center in CaF2 has Td 
symmetry with respect to the ca2+ ions; the introduction of ce3+ along 
<Ill> in a body-center position reduces the symmetry to c 3 v. The 
consequent energy states and the allowed transitions between them are 
shown in figure (14). 
Gamma-irradiation of CaF 2:Ce at 77K results in the conversion of 
Ce3+ to ce2+ ions in sites with Oh symmetry and no PC centers are 
formed.< 39) Irradiation at room temperature, however, produces ce2+ in 
cubic sites and PC centers but not PC+ centers (ionizing PC centers; 
the absorption spectrum of the PC+ center 1 ooks 1 ike that of the PC 
centers but shifted slightly to higher energy).< 39 > ·Wagner and 
Mascarenhas< 14) claim that PC centers are formed at the expense of the 
c4v centers (four c4v centers form one PC center) during X-irradiation 
Figure 14. 
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(a) Schematic model of PC center. (b) Energy. levels 
occupied by the two electrons. Labels refer to the 
appropriate irreducibl~t)epresentations in c3v point 
symmetry. (After Alig ). 
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at room temperature. However, there is no justification given by these 
authors as to why four c4v centers are required to form one PC center. 
There is also no mention of the fate of the F- interstitial ions after 
the PC centers are formed. 
Section C 
Thermoluminescence 
We presented in the previous section a somewhat detailed review 
of the col or centers in CaF ?• in part i cu 1 ar the defects relevant to 
'-
this work. For the remainder of this chapter we discuss various 
experimental methods employed in this work. In doing so we begin with 
thermoluminescence. 
Luminescence phenomena are generally described by utilizing 
energy band theory. The luminescence appearing in sol ids during 
thermoluminescence processes can be explained by the same fundamental 
pr inc i p 1 es as app l i ed to 1 umi nescence in general. Thus, in the 
fo 1 lowing subsections we w i 1 l first briefly 1 ook at the energy band 
model of sol ids and introduce the concept of localized energy levels 
(traps and recombination centers). Then we will examine the position of 
thermoluminescence in the context of luminescence phenomena in general. 
Every solid contains electrons. The band theory of sol ids is 
based on a one-electron approximation. In this model it is assumed that 
the electron interacts with both the field of the fixed atomic cores 
(nuclei and inner shell electrons) and an average field arising from 
the charge distribution of all the other outer-she! 1 electrons. 
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For the perfect crystal the total crystal potential energy 
V(r) must have the periodicity of the crystal lattice. From the 
.. 
solution of the Schrodinger equation 
( 2. 1 ) 
which suffices for the above model, it is deduced that the electrons in 
so 1 ids are arranged in energy bands (c 1 ose l y spaced energy 
levels) separated by regions in energy for which no wavelike electron 
orbitals exist. These regions are cal led energy gaps (band gaps or 
forbidden gaps) . 
The density of occupied energy states N(E) in each band is given 
by 
N(E) = Z(E)f(E) (2.2) 
where Z(E) is the density of available energy states, and 
f(E) = 1/exp[(E-Ef)/kT + 1] (2.3) 
is the Fermi-Dirac distribution function for the electrons (i.e. the 
probab i l i ty that an energy state E w i l l be occupied in an ideal 
electron gas in thermal equilibrium). Ef denotes the Fermi energy (i.e. 
the energy of the topmost filled states in the ground states). 
Traps and recombination centers 
In an insulator all the allowed energy bands are either fi !led or 
empty. Thus there are no states immediately above the highest filled 
band ( va 1 ence band). The nearest a va i 1 ab 1 e state is at the bottom of 
the next allowed band (conduction band). The Fermi level at absolute 
zero is halfway between, i.e. in the middle of the forbidden gap. The 
presence of lattice defects (impurities, radiation damage centers, 
vacancies, interstitials, etc.) which disturb the translational 
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symmetry of the crysta 1 1 i ne structure resu 1 ts in 1 oca 1 i zed energy 
states which might fa! 1 within the band gap. 
The localized energy states, upon capturing free charge carriers 
may act as traps or as recombination centers (figure 15). 
Differentiation between traps and recombination centers is based upon 
the relative probabi 1 ities of thermal release and recombination. The 
probab i 1 i ty of therma 1 excitation from a 1 oca 1 i zed state at a given 
temperature T is given by: 
p = s exp(-6E/kT) (2.4) 
where 6E is the energy depth, or trap depth (i.e. energy difference 
between the localized state and the bottom of the conduction band for 
the electron centers, or the top of the valence band for the hole 
centers); k is Boltzmann's constant; and sis a constant. (This last 
constant wi 11 be discussed more in the next subsection.) It can easily 
be seen from equation (2.4) that for the localized states with smal 1 6E 
the probab i 1 i ty for the re 1 ease of the charge carrier is higher than 
the ones with large AE. Thus, the localized states with small AE are 
more 1 ikely to act as traps than recombination centers. Based upon this 
one could locate the traps toward the bottom of the conduction and 
towards the top of the valence band, whereas the recombination centers 
wi 11 be located near the middle of the band gap (figure 15). However, 
it should be noted that a trap at one temperature may act as a 
recombination center at lower temperature and vice versa.<3) There 
might also exist a delocal ized level of the energy depth 0 for which 
the re 1 at i ve probab i 1 it i es of trapping and recombination are equa 1. 
Such a level designates a demarcation between the traps and the 
recombination centers. In other words localized states with E<D would 
-----------E. Traps 
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Energy levels in an insulator in equilibrium at absolute 
zero. The levels below Ef are full of t1jctrons, while 
those above are empty. (After McKeever ). 
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act as a trap whereas if E>D it would be a recombination center< 3 > 
(figure 15). It shou 1 d be mentioned that d i scrim i nation between traps 
and recombination centers is not so 1 e 1 y dependent on the trap depth 
(~E). For a given concentration of trapped charge, the probabi 1 ity of 
the recombination is governed by the value of the capture cross-section 
(the va 1 ue of capture cross-section depends upon the potentia 1 
distribution in the region of the defect; figure (16). The 
recombination probability has the following form 
A = V(J (2.5) 
where v is the carrier therma 1 velocity (aT 112 ) and cr is the capture 
cross-section. 
Luminescence 
Luminescence is the emisssion of optical radiation (UV-IR) from a 
materia 1 by means other than heating it to incandescence. Our i ng the 
luminescence process some of the energy input into the material may be 
absorbed (excitation) and then released in the visible radiation form 
(emission). The various luminescence phenomena are named according to 
the means with which the material receives its excitation energy. Thus 
we have photoluminescence (optical radiation energy), radioluminescence 
(X-ray, y, 13 particles, etc.), cathodoluminescence (electron beam), 
electroluminescence (electrical energy), chemiluminescence (chemical 
energy), sonoluminescence (acoustic energy). (3) 
Luminescence phenomena are usually described by utilizing energy 
band theory. In the energy level diagram shown in figure 17a an 
electron, after aquiring sufficient excitation energy, makes a 
transition from the ground state g to the excited state e. Deexcitation 
figure 16. 
~r) ~r) 
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(b) (c) 
Schematic representation of the potential distribution 
+Cr) around defect center. (a) Coulombic attractive; 
(b) neutral; (c) coulombfc repulsive. Typical values for 
th: caQture cross-section are 10-6m2, to-19m2 and 
10 26~2 , respectively. (After HcKeever< 3>). 
Figure 17. 
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Energy transitions involved in the production of (a) 
fluorescence and (b) phosphorescence. Symbols defined 
tn text. 
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from e to g is followed by emission. The average time between 
excitation and emission (1 ifetime) can be between 10-3 to 10-8 sec. The 
luminescence phenomena which is described by figure 17a is cal led 
"fluorescence". 
There are some luminescence processes that cannot be described by 
figure 17a. Instead, as shown in figure 17b the charges become trapped 
in a localized state m (a metastable state). If the charge now aquires 
an energy equal to ~E (Ee-Em) it wi 1 1 be released to thee state with 
the consequent relaxation to the g state resulting in the emission of 
1 ight. Thus this trapping phenomenon results in a longer delay (seconds 
to years) between excitation and emission. The average time spent by 
the charge inside the trap is given by 
, = s-lexp(~E/kT) (2.6) 
where the term assignments remains as before. This process of 
luminescence is called "phosphorescence". Energy ~E can be supplied 
either therma 1 1 y or opt i ca 1 1 y. The former is ca 1 1 ed Therma 1 1 y 
Stimulated Luminescence (or thermoluminescence, TL) whereas the latter 
is named Optically Stimulated Luminescence (or OSL). 
Thermoluminescence model 
By using a simple energy band scheme, i.e. a "two level model", 
an attempt is now made to introduce many of the essential features of 
thermoluminescence. However every material has its own energy band 
scheme which may be much more complex than that described below. 
In the "two level model" as shown in figure (18) there are just 
two localized levels. One acts as a trap (T) center (located between Ec 
and Dc) and the other acts as a recombination (R) center located 
Figure 18. Simple two-level model for thermoluminescence. Allowed 
transitions: {1) Ionization; {2) and (5) trapping; {3) 
thermal release; {4) radlatfve recombination and the 
emtssfon of light. Electrons are the active carriers, 
but an exactly analagous situation arfses for holes. 
Electrons, solid cfrcles; electron transftfons, solfd 
arrows; holes, open cfr~~'s; hole transitions, open 
arrows. (After McKeever ). 
36 
37 
somewhere between De and Dh). During ionizing radiation electrons are 
trapped at T whereas the ho 1 es are trapped at R. By assuming that the 
probabi 1 ity of thermal release (transition 3) is zero (i.e. irradiation 
is performed at a low enough temperature such that no detrapping takes 
place) then the trap fi 1 1 ing process may be described by the following 
four equations 
dncfdt = f - ncArnh - nc(N - n)A. (2.7a) 
dn/dt = nc(N - n)A, (2.7b) 
dnvfdt = f - nv(Nh - nh)Ah, (2.7c) 
dnh/dt = nv<Nh - nh)Ah - ncnhAr. (2.7d) 
During this process charge neutrality should be maintained, namely: 
nc + n = nv + nh 
where in the above equations: 
( 2. 8) 
nc = concentration of electrons in the conduction band (per unit 
volume); nv =concentration of holes in the valence band (per unit 
volume); n =concentration of electrons in traps (per unit volume); N = 
concentration of available electron traps of depth ~E below the 
conduction band (per unit volume); nh =concentration of holes in 
recombination centers (per unit vo 1 ume); Nh = concentration of 
available hole centers (per unit volume); A = transition coefficient 
for electrons in the conduction band becoming trapped (per unit time, 
transition 2 in figure 18); Ah =transition coefficient for holes in 
the valence band becoming trapped in the hole centers (volume per unit 
time; transition 5); Ar = recombination transition coefficient for 
electrons in the conduction band with holes in centers (transition 4); 
f = the electron-hole production rate (volume per unit time; transition 
1). In the above equations it is also further assumed that due to its 
smal 1 probabi 1 ity no band to band transitions take place. 
After the radiation has ceased the system ( crysta 1) which is in 
a nonequ i 1 i br i urn state (charge carriers are trapped at the trapping 
centers thus both the entropy and the energy of the system have 
changed) tends to regain its equi 1 ibrium state (original state of the 
crystal before irradiation). This results in the flow of charges among 
different centers and this can be speeded up by raising the temperature 
of the crystal. The rate equations describing this charge traffic are 
given below. 
dnc/dt = np - nc(N - n)A - ncnhAr' 
dn/dt = nc<N - n)A - np, 
dnh/dt = -ncnhAr 
(2.9a) 
(2.9b) 
(2.9c) 
where p has already been defined in equation (2.4). Since the 
transitions to or from the valence band are not considered in this 
case, the charge neutrality becomes 
nc + n = nh. (2.10) 
The thermal release probabi 1 ity (p) has an important role in the 
discrimination between the above two sets of equations (i.e. the trap 
fi 1 1 ing and trap emptying processes). It is considered to be zero 
during the trap fi 1 1 ing process, but large during trap emptying. As 
shown in equation (2.4) it is exponentially related to temperature. The 
exp(-~E/kT) factor in this equation is the probabi 1 ity of the release 
of the electron via its interaction with phonons (thermal energy), 
where ~E is defined as the energy difference between the trap and the 
bottom of the conduction band (trap depth); s is ca 1 1 ed the "frequency 
factor" or "attempt to escape frequency". S i nee during the trap 
emptying process the rate of release of the electrons is given by the 
;z:a 
.// 
Arrhenius equation, written as: 
p = vKexp(-~G/kT) (2.11) 
where G is Gibbs free energy, given by G = H- TS where His enthalpy 
(H = E + PV) and S is entropy. Thus we can write 
p = vKexp(~S/k)exp(-~H/kT) 
p = vKexp(~S/k)exp(~PV/kT)exp(-~E/kT). (2.12) 
Assuming that the change in P (pressure) and V (volume) are negligible 
then 
p = vKexp(~S/k)exp(-~E/kT). (2.13) 
By comparing equations (2.13) and (2.4) we see that s can be identified 
with vKexp(~S/k). It is interpreted as the number of times per second, 
v, that a bound electron interacts with the lattice phonons times a 
transition probabi 1 ity K, and an exponential entropy term. The maximum 
value that s takes is to12_1o1 4s-l (lattice vibration frequency). s has 
a smal 1 temperature dependency which can be ignored when it is compared 
with the strong exponent i a 1 temperature dependence of the Arrhenius 
term. 
After the electrons that are detrapped radiatively recombine with 
the ho 1 es then vis i b 1 e 1 i ght is produced. The intensity at any time 
during the heating (with a constant heating rate) is given as 
l(t) =- dnh/dt. (2.14) 
Equation (2.14) is shown schematically in figure (19). As shown in this 
figure application of a 1 inear heating such as 
T = T0 + 13t (2.15) 
where 13 is defined as heating rate (i.e. dT/dt), causes the 
temperature to increase and this results in the detrapping of the 
electrons with the consequent recombination with holes. Thus the 
Figure 19. 
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Relationship between thermoluminescence intensity I(t) 
and the number of trapped holes nh at the recombination 
centers. Also shown is the linear relationship between 
time and temperature during heating. (After 
McKeeverC 3>). 
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thermoluminescence intensity increases. Further increase in temperature 
causes the release of more electrons; and since at this stage the 
number of available recombination sites are less than before the rate 
of recombination decreases and thus thermoluminescence intensity 
decreases. The intensity of this TL 1 ight versus temperature is cal led 
a TL "g 1 ow curve". 
Thermoluminescence analysis 
The experimental data obtained for a TL glow curve or a series of 
g 1 ow curves may be used to ca 1 cu 1 ate various parameters such as the 
trap depth (~E), the frequency factors (s), the capture cross-sections 
and the densities of the various traps and recombination centers taking 
part in the thermoluminescence emission. 
Theoretical expressions to which the experimental data is fitted 
may be derived by selecting the rate equations appropriate to a 
particular model (viz. equations 2.9a-c) and introducing simplifying 
assumptions into them. The important asumptions introduced are: 
(1) nc«n; i.e. the free carrier concentration in the conduction band 
is much less than the trapped carrier concentration. 
(2) dnc/dt<<dn/dt i.e. the rate of change of the free carrier 
concentration is always very much less than the rate of change of the 
trapped carrier concentration (this means that nc is approximately 
constant). 
(3) The probability of retrapping is negligible compared with the 
probability of recombination (Randall-Wilkins model).< 42, 43) 
Using these assumptions we get:< 3) 
l(t) = n0sexp(-~E/kT)exp{-(s/S)Jf~xp(-~E/kT)dT} (2.16) 
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which is called the "first-order (monomolecular) kinetics equation". In 
equation (2.16) T0 and n0 refer, respectively, to the value ofT and n 
at time t = •· However if it is assumed that there is strong retrapping 
of the released charge (i.e. the Garlick-Gibson mode1< 44) we get:(3) 
(n;s/RN)exp(-~E/kT) 
I ( t) = 
{l+(n0s/RNBlft;xp(-~E/kT)dT}2 
(2.17) 
where R = A/Ar. This is cal led the "second-order (bimolecular) kinetics 
equation". In those cases where neIther the Randal 1 -WI 1 k ins nor the 
Gar! ick-Gibson model is true use is made of the following empirical 
form (known as "the general-order kinetics" equation)(3): 
(n~s/RN)exp(-~E/kT) 
= ------------------------------------------{1+[(b-1)n s/RNB]fTexp(-~E/kT)dT}(b/(b-1)) 
o T0 
I (t) (2. 18) 
where b is the kinetic order and is neither I nor 2. 
An example of an appl !cation of such an analysis has been 
recently given for CaF 2:Mn. It has been suggested that the TL glow 
curve at 80-300K is described by 1.4-order kinetics with 
s = 2.74xl0 4s-l, ~E = 0.234eV,and 8 = 0.079Ks-1.< 45 l It has also been 
proposed that the -280°C TL dosimetry peak cannot be described by first 
or second-order kinetics but is we 1 l described by the more general-
order kinetics.< 46 ) 
To avoid approximations in the analytical solutions to the rate 
equations (2.9a-c) one can solve the equations numerically. Br~nl ich 
and Scharmann ( 4 7> and McKeever et a 1 ( 48 ) dId so and cone 1 uded that a 
fit to an experimental glow curve to the first, second or general order 
forma 1 isms cannot be used to indicate that the simp 1 e model is 
necessarily valid. Thus there wi 11 be an ambiguity in the results 
obtained from application of the type of analyses mentioned above. Due 
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to the uncertainty in the nature of the TL process in CaF 2 : Mn, 
CaF 2:ce,Mn and CaF 2:ce, we did not perform such analysis in this work. 
Application Qf thermoluminescence 
The various applications of TL were first suggested by Farrington 
Daniels and his co-workers in the 1950's.(3) 
One of these applications is in radiation dosimetry. Exposure of 
a thermoluminescence dosimeter (TLD) to ionizing radiation results in 
the absorption of energy (via electron-hole pair production and fi 11 ing 
of the localized energy levels). The intensity of the TL is then 
proportional to the energy stored in the specimen. The first material 
to be used as a TL dosimeter was LiF following an atomic weapon test in 
the J950's.(3) Since then the application of TL in radiation dosimetry 
has been very widespread. 
The application of TL in solid state physics can provide useful 
information on the properties of the various types of defect present 
within an insulator or semiconductor. Its sensitivity is supreme, thus 
it could be a valuable tool for the detection of trace impurities. Even 
in most "pure" materials the presence of impurities is considered 
essential for the TL to occur. However, application of this technique 
on its own, does not describe the defect structure of a solid. It is 
only when used in conjunction with other experimental methods that the 
information gained can be very useful. 
Some other applications of TL are in age determination, geology, 
and biology (see reference (3)). 
Thermoluminescence processes 10 CaFz 
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Research in thermoluminescence at the Naval Research 
Laboratory<49 > resulted in the development of CaF 2:Mn, a synthetic CaF2 
phosphor sui tab 1 e for TLD. This phosphor has a high radiation 
sensitivity. However, it has a surprisingly high fading rate. In recent 
years rare-earth doped CaF 2 has a 1 so been used successfu 1 1 y in 
thermoluminescence dosimetry where the luminescence properties of the 
rare-earth ions has made these materials sensitive radiation 
dosimeters. 
Due to the widespread usage of both CaF 2 :RE and CaF 2 :Mn in TL 
dosimetry and in order to overcome problems such as the lack of 
reproducibi 1 ity (batch-to-batch variation) and of reusabi 1 ity when 
using these dosimeter materials, a knowledge of the TL mechanisms (i.e. 
the identification of the defects involved in the production of TL) 
would prove useful. Although there has been considerable research 
effort into the TL properties of CaF 2:Ce and CaF 2:Mn, the exact TL 
mechanisms in these materials are still uncertain.<S,6, 7,8,11,12) 
For example Sunta<8> suggests that the TL mechanism in CaF 2:Mn is 
as follows. The electrons which are produced along with holes during 
ionizing radiation are trapped by traces of RE 3+ ions. Holes are 
trapped elsewhere (at unspecified sites). Heating releases holes which 
recombine to form RE 3+* (RE 3+ ion in an excited state). The 
nonradiative de-excitation energy from RE3+* to RE3+ is then 
transferred to Mn 2+ ions located in the close vicinity. This produces 
Mn2+* (Mn2+ in an excited state) followed by the relaxation to Mn2+ and 
the emission of 495nm 1 ight. He claims that the ce3+ ion is acting a~ a 
sensitizer for emission from Mn during TL production in this material. 
This author< 6) also suggests that in the natural mineral, fluorite, 
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electrons are trapped at Ce3+ during irradiation reducing it to ce2+. 
Holes are trapped at F!nt• lattice F-or at o2;ub sites. Thus forming 
hole centers with different thermal stabi 1 ities. Heating releases the 
holes which recombine with ce 2+ leaving it in Ce 3+* followed by 
deexcitation to the ground state Ce3+ and production of TL 1 ight (317, 
338 and 380nm). In these mentioned mode 1 s, there is no evidence 
regarding the energy transfer, the nature of both the hole and the 
e 1 ectron sites and the recombination mechanisms (these are the rna in 
ingredients of a TL model). Obviously there is no basis for suggesting 
a poss i b 1 e TL mechanism in these materia 1 s, thus they are pure 
speculation. 
Section D 
Absorption and emission of electromagnetic 
radiation 
S i nee a major part of our study in vo 1 ves opt i ca 1 measurements 
i.e. absorption (excitation), and emission, some background concerning 
the processes and parameters involved is needed at this point. 
Since absorption and emission are primarily concerned with 
transitions between different energy levels, focus should be centered 
upon those time-varying operators that can induce the transitions. In 
doing so one applies time dependent perturbation theory which addresses 
the fo 1 1 owing prob 1 em. In it i a 1 1 y the unperturbed system is in an 
~ 
eigenstate of H0 (Hamiltonian of the system). Then the perturbation, 
~ 
H1(t), i.e. an electromagnetic field (osci lating or harmonic function) 
is "turned on". What is the probabi 1 ity, after time t, that a 
transition to another state (of H0 ) occurs? 
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This problem is solved in many quantum mechanics and spectroscopy 
books.<SO,Sl) We give here only the results. The interaction between 
the electrons and the radiation field introduces simultaneous 
transitions between electron states and the photons in the radiation 
field. The transition probability per unit time is 
p =(41T2/h) \J1ji;Hl1Jiid-r:l2p(E) (2.19) 
where p(E) is the density of states, and h is Plank's Constant. 
For electric-dipole allowed transitions we have for the 
probability of emission per second 
pemission = (N+l)(641T4v3/3hc3)/~ifl2 (2.20) 
N being the mean number of photons of energy hv (if N=O we have 
spontaneous emission), c is the speed of light and 
(2.21) 
where ~ is the dipole moment operator and 1jli and 1jlf respectively refer 
to the initial and final states. The absorption probability rate is 
(2.22) 
The luminous emission intensity per second from an atomic emitter 
(photon energy E=hv multiplied by the transition probabi 1 ity), is 
I (hv) = (641T4v4/3c 3) ii!if: 2 • 
I , 
(2.23) 
The absorption coefficient a(E)cm- 1 is given by 
a(E) = o(v) x Nc (2.24) 
where o(v), the effective cross-section, is by definition 
o(v) =absorption transition probabi 1 ity rate/ photon flux 
per sec. 
= 81T3uji!ifj2/3hcdv, (2.25) 
where the effective cross section is obtained in practice over al 1 the 
possible neighboring energies to hv for the absorbed photons 
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(2.26) 
and Nc' the defect concentration of the absorbing impurity is given by 
Smakula's formula. (52) 
(2.27) 
where y(eV) is the ful 1-width-at half-maximum of the absorption 
intensity assuming a Gaussian shape; n is the index of refraction and 
fnm is the oscilator strength. 
The quantum yield is defined as a ratio of the number of photons 
emitted from a given level to the number of photons absorbed by a given 
or overlying levels, namely: 
(2.28) 
whereAmn isthetransitionprobabilityfrom level mtothe level n. 
Cmn is the probabi 1 ity of radiationless transition from level m to 
level n. 
Sensitized luminescence 
Sensitized 1 um i nescence refers to "the process whereby an 
impurity atom (activator) having no appreciable absorption band in a 
given region of the (visible or UV) spectrum is made to emit radiation 
upon excitation in this region as a result of absorption by, and 
transfer from, another impurity atom (sensitizer) or from the host 
lattice."< 53 > 
There are two basic mechanisms of energy transfer:< 53) 
(I) Radiative energy transfer-absorption by an activator (A) of those 
photons which are emitted by a sensitizer (5). It is essential that the 
sensitizer posesses strong fluorescence in a region over which the 
activator has strong absorption. 
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(2) Non-radiative (resonance) energy transfer. Excitation of the 
activator ion via a mutipole-mutipole or exchange interaction with the 
sensitizer ion. In this case no real photons are involved. An overlap 
between the sensitizer emission spectrum and the activator absorption 
spectrum is essential in all types of energy transfer in order for the 
transfer to occur. 
The process of energy transfer can be broken into five steps:< 53 > 
(!) absorption of excitation energy E1 by the S ion which is raised to 
an excited state, 
(2) relaxation of the legand ions surrounding the S ion leaving the S 
ion with the energy E2 CE2<E 1), 
(3) transfer of energy E2 to the A ion, 
(4) relaxation of the lattice surrounding A, making the avai !able 
energy E3 <E 2, 
(5) the transition on A to the ground state and the emission of a 
photon of energy E3 • 
The pioneer work on the formal ism of energy transfer via a 
resonant interaction was done by F~ster< 54 • 55 > and Dexter.< 53 > The 
equations presented here are the ones developed by Dexter.< 53 > 
If the sensitizer and the activator both have allowed electric-
dipole transitions then the transition rate for the dipole-dipole 
interaction with absorption data for Sand emission data for A is given 
as 
PsA(dd) = (3h4C4QA/4nn 4K2R6ts)(e/ec) 4fCfs(E)FA(E)/E 4)dE. (2.29) 
which can be simp! ified as 
(2.30) 
where 
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(2.31) 
where <% is the l i fet i me of the sensitizer in the absence of 
activators, ~S is the quantum efficiency of the sensitizers with 
activator present, (ec/e) is the ratio of the field within the crystal 
to that of an isolated atom, n is the index of refraction, R is the 
separation of the nuclei A and S, f 5(E) is the normalized function 
representing the shape of the emission band, Fa(E) is the absorption 
normalized function such that o(E) = QFA(E) where o(E) is the 
absorption cross-section, E is the energy of the photon. 
The energy transfer rate due to the exchange interaction can be 
written as 
(2.32) 
exp(y)/<~ = (2nK 2 /n)ffs(E)~~(E)dE. 
where rb is an effective Bohr radius, R0 is the critical transfer 
distance and K is a constant with the dimensions of energy. The 
exchange mechanism wil 1 allow transfer to, and excitation of, A by all 
types of allowed and forbidden transitions, including for example, L=O 
to L=O transitions. From equation (2.32) it can be seen that the 
exchange energy transfer rate will vary as the exponential of the 
sensitizer-activator separation as compared to the R- 6 dependence of 
the dipole-dipole rate. 
The phenomena of energy transfer (the mechanism and the centers 
involved) in CaF 2:Ce,Mn has been investigated by several 
researchers.<9,10,56,57) Ginther<9) suggests that Ce ions and 
aggregates of Ce ions in CaF 2:Ce,Mn act as sensitizers for Mn. He 
believes that the distance between Ce and Mn, in order for energy 
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transfer to take place, should be from 30 to 80 lattice sites. He 
further believes that this variation in distance is due to the 
competition between the two types of sensitizing centers. Leach(S6 ) 
proposes that the energy transfer from Ce to Mn is via an exchange 
interaction in which the excitation energy is transfered by a "spin 
flip" transition. Sen and Bose(!O) claim that in CaF 2:ce,Mn energy 
transfer occurs not on 1 y from Ce to Mn centers but a 1 so from Ce to Ce 
and Ce to perturbed levels of the lattice (F- ions). McKeever et al (57) 
suggest that, during photoluminescence efficient energy transfer from 
Ce3+ ions in tetragonal sites to Mn 2+ takes place. They further believe 
that during X-ray induced luminescence and thermoluminescence, Ce in 
cubic sites and in PC centers dominate these processes and energy 
transfer to Mn is not of major importance. 
Section E 
Thermally stimulated depolarization currents 
TSDC is the generating of currents due to the release of a 
polarized state within a solid dielectric. The net polarization of a 
solid dielectric in the presence of an external electric field may be 
the result of the contributions from the major sources listed below: 
(I) E 1 ectr i c po 1 ar i zat ion i.e. the deformation of the electronic she l 1. 
The time required for this process is about Io- 15s. 
(II) Atomic polarization i.e. the atomic displacement (deformation 
effect) in molecules with heteropolar bonds. The time required for this 
process is about Io- 14 to Io-12s. 
(III) Orientational or dipolar polarization i.e. alignment of the 
permanent molecular or ionic dipoles with the applied electric field. 
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The time required for this process can be as low as to- 12 s or long 
enough that no relaxation is observed under the conditions of 
observation. 
(IV) Translational or space-charge polarization, i.e. free charges 
(ions or electrons or both) are moved toward the electrodes. The time 
required can vary from milliseconds to years. 
Al 1 of the above mentioned internal polarizations lead to surface 
charges which have the opposite polarity to those of the polarizing 
electrode. 
Here we focus only on dipolar and space charge polarization. The 
former is the result of the polarization of point defect dipoles in 
ionic crystals. 
The principle of the TSDC method as shown in figure (20) consists 
of three steps: 
(!)application of a de bias at temperature TP, i.e. polarization of 
the dipoles; 
(2) cooling under this bias to some lower temperature T0 (e.g. 1 iquid 
nitrogen temperature) and removal of the field, i.e. "freezing" the 
dipoles in their polarized positions; 
(3) heating (at a constant heating rate 8) the polarized sample up to 
or above the polarization temperature (TP). Current discharge becomes 
measurable and gives rise in the external circuit (short circuit 
condition) to a current. The current is normally displayed as a 
function of temperature known as a TSDC spectrum. 
The first consistent theory of TSDC was introduced in 1964 by 
Bucci and Fieschi.(SB) The dipolar polarization at any time and 
temperature is governed by the competition between the orienting action 
Figure 20. 
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Principle of TSDC method. (After Vanderschern et al (S 9)). 
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of the field and the randomizing action of the thermal motions. 
Assuming "a symmetr i ca I two site barrier" mode 1 (the Fr~ I i ch mode I) for 
creating polarization, the build up of polarization P in a unit volume 
of the material at time t, subject to an electric field FP at 
temperature TP is: 
(2.33) 
where Pe (frozen-in polarization) is the equi 1 ibrium or steady state 
polarization. At very high field and for all but the lowest temperature 
this has been shown by Langevin to be 
Pe = N0u2Fp/3kTP (2.34) 
where No is the concentration of dipoles; u is the electric dipole 
moment; k is Boltzmann's constant; FP is the local electric field 
operating on the dipoles; and -r, the relaxation time, is given by an 
Arrhenius-type equation,(59) viz: 
(2.35) 
Here, ,-b is cal led the characteristic frequency factor. A discussion 
about the form of ,-b was given in section (8) and E0 is the activation 
energy for the dipole rotation (assuming that the volume and pressure 
do not change during the experiment, otherwise activation enthalpy (H = 
E+PV) is to be used). 
If the relaxation times for polarizing and depolarizing the 
dielectric can be considered identical, the decay of polarization after 
removal of the field at t=~ is given by(59) 
(2.36) 
and the corresponding depolarization current density can be written 
J(t) = -dP(t)/dT = P(t)j-r. (2.37) 
Assuming a temperature increasing 1 inearly with time from a value T0 at 
a rate e so that 
T = T0 + et 
and rewriting equation (2.36) to be 
P{t) = Pe[exp(-f6dt/t)] 
then the current density J0 during a TSDC experiment is 
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(2.38) 
{2.39) 
J 0 CT) = {Pe(Tp)/t 0 )exp(-E/kT)exp[-(l/St 0 )ft5xp(-E/kT,)dT'] (2.40) 
TSDC analysis 
The experimental data obtained for J 0 (T) is fitted into the 
Bucci-Fieschi equation (equation(2.40)) , in order to calculate 
parameters such as E and t 0 • By using the following equation the dipole 
concentration can be calculated 
No = 3PekTeff/~2Fp 
where Teff (the effective polarization temperature) is given by 
Teff = E0 /kln(t 0 ). 
(2.41) 
(2.42) 
Expression (2.40) is valid only for single-valued relaxation 
times or activation energies. In the cases where the relaxation 
processes occur i ng in so 1 ids deviate cons i derab l y from the "two barrier 
mode I " g i v e n by e quat i on ( 2 . 3 3 ) , t he ex p r e s s i on ( 2 . 4 0 ) s h o u 1 d be 
modified by some empirical parameters characteristic of some kind of 
distribution function of relaxation times or activation energies. 
Physical l y the ex i stance of a spectrum of relaxation times or 
activation energies can be explained by several mechanisms, e.g. 
dipole-dipole interactions, variations in the size and shape of the 
rotating dipolar entities, clustering of dipoles, and anisotropy of the 
crystal structure in which the dipoles are located. 
For example in materials with a high dipole concentration the 
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interactions among the dipoles lead to a broadening of the dipole 
reorientation curve. For increasing concentrations, the half-width of 
the TSDC peak increases. The position of maximum depolarization 
current, on the other hand, is not affected by d i po 1 e-d i po 1 e 
interactions. This feature has been explained to be due to the fact 
that the dipole-dipole interaction results in activation energy not 
being single-valued but instead having a distribution of values 
scattered about a mean va 1 ue E0 • (60-64) 
As an examp 1 e of the effect of d i po 1 e-d i po 1 e interactions on a 
TSDC curve, Den Hartog and his group,< 60 > from an investigation of the 
effect of the ce3+ concentration on the reorientation of d i poI es in 
SrF2:ce3+, observed that the shape of the dipole reorientation curve 
changes with the concentration of dipoles even for fairly di Jute 
systems. They propose that this is due to dipole-dipole interactions. 
The activation energy is not single-valued, but is distributed about 
the mean value E0 ; and consequently the width of the distribution p 
wi 11 increase with increasing dipole concentrations. Figure (21) shows 
an example of the improvement in the experimental fit when a Gaussian 
distribution of the activation energy about E0 is considered. The 
Bucci-Fieschi equation now has the following form: 
where F is a correction term given by: 
F(E0 ,1 0 ,p,T) = (l/pJTI)f~dEexp(-((E-E0 )/kT)-((E-E0 )2/p2)} 
-Jb<adT'/1 0 )[exp{-E/kT')-exp(-E0 /kT')] 
where a is a constant and p is the width of the distribution. 
(2.43) 
(2.44) 
Wagner and Mascarenhas< 65 ) report that the rotational energies of 
the RE-F- complexes (C 4 v centers) in CaF 2 increase when the ionic 
Figure 21. 
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Example of the improvement that is achieved when dipole-
dipole interactions are taken into account. (b) 
Experimental and the best-fit by a three parameter TSOC 
formula (i.e. equation (40)); results: E=0.42eV, 'o=!0 12 
sec. (d) Same points fitted by a four parameter formula 
(equation (43); results: E0 =0.48eV; p=0.007eV,< 0 =10-l 4 
sec. (a) and (c) give the vertical distance between the 
experimental points and the fitted curve. (After Weperen 
et a 1 < 60 )) . 
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radius of the RE ions increases. Royce and Mascarenhas< 66 > from an 
investigation of CaF 2:ce report that, for crystals having a nominal 
concentratIon of Ce between 0.01 and 0.05 mo I e percent, E=0.46±0.02eV 
with t 0 = (6±4)xlo- 15 sec. They also report that for higher Ce 
concentration (0.1'7.} the activation energy and t 0 were dependent upon 
the fractional number of free dipoles. The smallest number of free 
dipoles resulted in the activation energy being lowest (0.36eV) and t 0 
having the largest value (!0- 12 sec). These reported parameters by 
Wagner and Mascarenhas< 66 > are obtained by fitting TSDC data into 
Bucci-Fieschi equation (2.40). It has also been suggested by Wagner and 
Mascarenhas< 14 > that X-irradiation reduces the size of the TSDC peak in 
CaF 2:Ce (i.e. a reduction in the c 4 v dipole concentration}, and, 
furthermore, they cone l ude that for each four d i poI es destroyed one 
photochromic center is formed (see section 8). 
CHAPTER III 
EXPERIMENTAL DETAILS 
Section A 
Sample preparation 
The samp 1 es used in this work were a 1 l purchased from Optovac 
Inc. They were grown using Optovac's double crucible technique to 
minimize oxygen contamination. Neither optical absorption nor 
luminescence due to oxygen were observed in this work. The samples used 
had nominal impurity (mole%} concentrations as follows: 
(i) CaF 2 :Mn-0.001%; 0.011.; 0.1%; 0.5%; 1.0% and 3.0%. 
(ii} CaF 2 :ce-0.01%; 0.11.; 0.5%; 1.0'7.; 1.51. and 21.. 
(iii) CaF 2 :Mn,Ce-0.5%, 0.011.; 0.5%, 0.1%; 0.5%, 0.5%; and 0.5%, 2.0%. 
(iv) CaF 2 :ce,Mn-0.5%, 0.0011.; 0.5%, 0.01'!.; 0.5"/., 0.1%; 0.5%, 0.51.; and 
o. 51., 2. 0%. 
The samples used in the thermoluminescence measurements were in 
powder form. Tribothermoluminescence signals were very smal 1 compared 
to radiation-induced TL signa 1 s. The crysta 1 s were cut and po 1 i shed 
along the (001) plane, with the thickness~ lmm, for optical 
measurements. The thicknesses of the samp 1 es used for the TSOC 
measurements were about 1 to 3mm with gold coating on the faces of the 
(001) plane. 
5CJ 
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Section B 
Experimental configuration 
Thermoluminescence 
The schematic layout of the apparatus used to collect the 
thermoluminescence data is shown in figure (22). It consists of: 
1. Cryostat. This houses the heater and it is connected to a vacuum 
pump (600 torr) and a N2 gas tank. 
2. Temperature controller (EUROTHERM). This device maintains a constant 
heating rate (usually chosen as 2.08°s-l in this work). 
3. Photomultiplier tube (EMI9635QB) operating in the integral current 
mode. This device was used to measure the intensity of the 
thermoluminescence 1 ight. 
4. High voltage DC power supply (BERTAN MODEL 215) for P.M.T. 
5. Digital multimeter (KEITHLEY 195). This device was used to read the 
sample temperature through a Chromel-Alumel thermocouple. 
6. Picoammeter (KEITHLEY 480). This device was used to read the current 
from the P.M.T. 
7. Chart recorder (Omniscribe). This was used to record the 
thermoluminescence data, as intensity versus time. 
8. Computer (HP 86 P.C.). This device was used to store the 
thermoluminescence data for subsequent data analysis. 
Thermall~ Stimulated Depolarization Currents 
Figure (23) displays the experimental configuration used to 
record the therma 1 1 y st i mu 1 a ted depo 1 ar i zat ion current data. It 
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Figure 22. Schematic layout of the TL equipment as described in text. 
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consists of: 
1. Liquid nitrogen cryostat. This houses the sample and it is connected 
to a vacuum pump for maintaining a vacuum of ~ 4x10-6mbar. 
2. Temperature contra 1 1 er (EUROTHERM) to maintain a constant heating 
rate (0.1 to 0.2°s- 1). 
3. High voltage power supply (HP6515A DC) to polarize the sample 
(usually Vp=lOOOV). 
4. Dig ita 1 mu 1 t i meter (KEITHLEY 195) to read the temperature of the 
sample through a copper-constantan thermocouple. 
5. E 1 ectrometer (KEITHLEY 616). This device was used to measure the 
current. 
6. Chart recorder (HP 20358). This device was used to record the TSDC 
spectra. 
7. Computer (HP 86 P.C.) This device was used to store the data. Curve 
fitting of the TSDC curves was also performed on this machine using a 
nonlinear, least square fitting routine. 
Photoluminescence 
The experimental configuration used to collect photoluminescence 
data is shown in figure (24) and consists of: 
I. Oriel monochromator. This device was used to select the excitation 
wavelength from a !SOW Xenon lamp. The grating blazed at 280nm with 
1200 linesjmm. The slit widths were 1-2mm. 
2. Spex monochromator. This device was used as the selector of the 
emission wavelength The gratings used were blazed at 300nm and 500nm 
with 1200 lines/mm. The slit widths were l-2mm. 
3. Photomultiplier tube (EMI9635 QB). This device was used to detect 
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Figure 24. Schematic layout of the photoluminescence equipment as 
described in text. 
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the emission. 
4. CaF 2 lenses for focusing the excitation beam on the sample. 
5.X-Y chart recorder (HOUSTON INST. 200): used to record the 
excitation spectrum. 
6. Omniscribe chart recorder: for recording the emission spectrum. 
7. High voltage DC power supply (ORTEC) for maintaining DC voltage to 
the P.M.T. 
8. Digital multimeter (KEITHLEY 195) for reading the wavelength. 
9. Picoammeter (KEITHLEY 480) for reading the current from P.M.T. 
Optical absorption 
The optical absorption measurements were carried out on an IBM 
9430 UV-visible spectrometer, with an accompanying IBM PC data station, 
and a PERKIN ELMER 330 spectrometer, with a 3600 Data Station. 
The Xenon lamp and Oriel monochromator were also used as an 
optical bleaching source. Thermal bleaching was carried out in the TL 
oven as in the TL measurements. The samples were y-irradiated by 
exposure to 60 co source with a dose rate of ~0.053Gys- 1 . The 
photoluminescence data have not been corrected for the P.M.T. detection 
response or the emission response of the Xenon excitation source. 
CHAPTER IV 
THERMALLY STIMULATED DEPOLARIZATION CURRENTS 
There were two major reasons which motivated us to investigate 
TSDC in CaF2:ce and CaF 2:ce,Mn. First it has been suggested that the PC 
centers (figure 14) are formed from dipolar c 4v centers (figure 6) 
during irradiation. Thus this should result in the reduction of the 
number of dipolar c 4v centers which contribute to the TSDC peak.< 14 > 
Second it has also been reported that in order for energy transfer from 
c4v centers to Mn to take place, the distance between these two centers 
should be at least -40 lattice constants.< 9> Thus we wished to examine, 
by using the TSDC method, whether we cou 1 d detect the presence of the 
Mn ions possibly manifesting themselves via a change in the behavior of 
the relaxation of these dipoles. 
In the sections to follow we report on the results that we 
obtained in our measurements concerning the above suggestions. And 
furthermore we present the results of calculations regarding other 
related informative features such as the closeness of two dipoles i.e. 
how close the two dipoles can be situated in order that their 
interaction affect their contribution to the size of the TSDC peak, but 
not to affect their optical absorption bands; and the order of the 
aggregation reactions for these dipoles. 
We have obtained data from CaF 2 samples with nominal Ce 
concentrations of 0.01, 0.1, 0.5, 1.0, 1.5 and 2.0 mole percent and 
also from fixed Ce {0.5 mole percent) with variable Mn concentration 
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(0.001, 0.1, 0.5 and 2.0 mole percent). The TSDC peak for the dipolar 
c4v center relaxation appears at ~t58K (figures 25 and 26). These 
curves were "therma 1 1 y c 1 eaned" of undesired peaks in their 1 ower and 
higher temperature regions for the purpose of proper data analysis. The 
"thermal cleaning" procedure consists of polarizing the sample at 
~155K, cooling to L.N.T., and then heating to 145K. The parameters, 
activation energy E8 and relaxation time 1 8, were calculated by fitting 
the collected data into the Bucci-Fieschi equation (equation 2.40). The 
calculated values are listed in tables I and 2. Assuming the presence 
of dipole-dipole interactions which results in the broadening of the 
TSDC peak (chapter 2 section C) the data were also fitted into the 
modified Bucci-Fieschi equation (equation 2.43) which contains a 
correction term accounting for such a broadening effect (equation 
2.44). The new calculated parameters E1, 1 1 and p, which reflects the 
width of the energy distribution about the mean value Er are 1 isted in 
tables 1 and 2. In all cases better fits were obtained with the 
modified Bucci-Fieschi equation. For example, compare figures (27) and 
(28). The sum-square which is the sum of the squares of the differences 
between the experimental and theoretical data for these fits (i.e. the 
Bucci-Fieschi and modified Bucci-Fieschi) are, respectively, 852 and 
223. Clearly the lower value of 223 for the modified Bucci-Fieschi fit 
indicates a better fit. 
By using the obtained values for the parameters E1 and 1 1 and by 
application of equations (2.41), where u = 4.0 Jo-29cm, the "apparent" 
dipole concentration, Nd (to be explained in section A), was 
calculated. The "actual" dipole concentration, Ng (to be explained in 
section A), is calculated by the application of Smakula's formula 
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TABLE I 
Values of the Ce melt concentration (mole%), N~ (apparent c4v dipole 
concentration), N~ (actual c4v dipole concentration), activation energies 
(E8 , EI), relaxation times (T 8 , TI) and width parameters (p) for CaF2 :ce. 
ce Nt No EI EB 'r TB p - d d (mole ') (Cm -3) (Cm-3) (eV) (eV) (s) (s) (eV) 
.01 3.14El8 5.16El8 .452 .452 6.33E-l5 6.33E-l5 -6.29E-5 
0.1 3.66El8 8.45El8 .459 .459 3.63E-15 3.62E-15 6.17E-5 
0.5 2.19El8 l2.0El8 .459 .454 4.54E-l5 6.67E-l5 2.47E-3 
1.0 l.24El8 l4.4El8 .452 .433 8.5BE-l5 3.69E-l4 4. 84E-3 
1.5 0.67El8 20.5El8 .453 .397 4.96E-l5 4.64E-l3 9.27E-3 
2.0 0.48El8 20.6El8 .423 .368 5.34E-14 4.60E-l2 9.55E-3 
TABLE II 
Values of the Ce and Mn melt concentrations (mole %1, N~ (..qppa,rent c 4v dipole 
concentration), N~ (actual c4v dipole concentration), activation energies 
(EB, E1 ), relaxation times (TB' -r1 ), and width parameters (p) for CaF2 :ce,Mn, 
ce,Mn t No Nd d EI EB 'r TB p (mole %) (Cm-3) (Cm -3) 
. . CeVl .. · . (s) 
.. 
(s) (eV) (eV) 
.5,.001 1. 74El8 7.54El8 • 449 .436 4,95E-15 l.BOE-14 4.45E-3 
• 5,. 01 2.00El8 7.54El8 .465 .447 2,56El5 l,OSE-14 4,62E-3 
.5,.1 1. 66El8 7.54El8 ,466 .462 2,88E-15 4,19E-15 2.39E-3 
.5,.5 1.30El8 7. 54El8 ,449 .449 lO,SE-15 l0,47E-15 7,0E-5 
0.5,2.0 1.04El8 7. 54El8 ,439 .424 2,51E-14 8.17E-15 4,53E-3 
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N 
(equation 2.27) to the optical absorption band for the c4v centers 
(303nm) shown in figure (5). The calculated values for Na and Ng are 
given in tables 1 and 2. 
Section A 
In figure (29) we plot N~ "apparent" dipole concentration versus 
Ng "actua 1" concentration. As can be seen there exists no one to one 
correspondence between Nd and Ng (dashed I i ne). Instead as N~ is 
increased (with increasing Ce concentration), Nd, after an initial 
increase, actua I 1 y decreases. We exp I a in the effects as fo I I ows. 
Assuming dipoles with a separation r, the rotational behavior of 
such dipoles is affected by the interaction between them for distances 
r I ess than R (i.e. for r<R they do no 1 onger act as free d i po 1 es ). Now 
as the Ce concentration is increased the distances among these dipoles 
is decreased i.e. more and more dipoles now have separations r<R. Thus 
interaction among these dipoles results in a reduction of the net 
dipole moment (i.e. polarization) for the specimen. Consequently, this 
reduces the size of the TSDC peak from which the dipole concentration 
is calculated. Hence the dipole concentration calculated by the TSDC 
method represents an "apparent" d i poI e concentration not the "actua I" 
dipole concentration. However, the 4f-5d transitions of the single 4f 
electron within Ce 3+ ions in the c4v dipoles are not affected by 
interactions among them. This is because the transitions are shielded 
by the outer shel 1 electrons. Thus, the c4v centers act as free dipoles 
from the point of view of optical absorption. Hence the calculated 
concentration wi I I represent the "actual" concentration in these 
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measurements. Based on this, as shown in figure (29), we should not 
obviously expect a one-to one correspondence between N~ and N~. 
Calculation of characteristic distance, ~ 
As we noted above the closeness of the dipoles (C4v centres) to 
each other plays a crucial role in the dipole relaxation process. Thus, 
we found it informative, by using the following simple model (similar 
to the one given in reference 67), to estimate how close two dipoles 
have to be in order that the interactions between them affect the 
height of the TSDC peak. 
Let us define the distance R between two dipoles to be the radius 
of a sphere such that the dipoles outside this sphere act as free 
dipoles, but inside the sphere they behave like a dipolar pair and do 
not contribute to the TSDC peak. If P(r) is the probabi 1 ity of not 
finding another dipole inside the radius r, then the probabi 1 ity of not 
finding another dipole inside a radius (r+dr) is: 
P(r+dr) = P(r)P(dr) 
( 4. 1 ) 
where Ng is the concentration of free dipoles. After expansion of the 
equation (4.1) about the point r and integrating within the limits of a 
spherical volume of radius R, the probability of finding dipoles that 
contribute to the TSDC peak (i.e. they are not in the sphere of radius 
R) i s g i ven as : 
(4.2) 
Thus one can calculate the concentration of dipoles contributing to the 
TSDC peak from: 
(4.3) 
Rewriting equation (4.3) as 
ln(N~/Ng) = -(4~/3)NgR3, (4.4) 
7 ·" :o 
and using the obtained experimental values for Na and Ng from table 1, 
ln<Na/N~) can be plotted versus N~. This is done in figure (30). The 
va 1 ue for R is then obtai ned from the s 1 ope of the straight l i ne in 
figure (30) and is found to be ~12.0 lattice sites. The values of R 
reported by other authors are 9 and 14 lattice sites.< 67 •74 > 
Effect of~~ concentration QQ E ang ~ 
In figure (31) the values of E8 and E1 are plotted versus dipole 
concentration (Ng). The EI value, except for the sample containing 21. 
Ce was found to remain constant as the dipole concentration increased; 
whereas E8 was found to decrease. The unexpected behavior of the E8 
stems from using the Bucci-Fieschi equation from which E8 is calculated 
i.e. this equation does not include any correction term to account for 
the broadening of the TSDC peak. The modified Bucci-Fieschi equation 
however does account for this effect. 
Figure (32) displays the width distribution (p) versus dipole 
concentration (Ng). As we see the width parameter increases as dipole 
concentration is increased. This observation, along with those of 
figure (31) are in agreement with the model presented by previous 
workers.< 61 - 64 > In this model it is proposed that due to dipole-dipole 
interactions, the activation energy E is not single-valued, but is 
distributed about a mean value E1 <Er does not change, viz figure 31), 
and consequently the width of distribution p wi 11 increase with 
increasing dipole concentrations (viz. figure 32). Alternative 
possibi 1 ities for such behavior are changes in the dipole environment 
0 
Figure 30. 
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and clustering. However, since EI value remains constant (figure 31), 
therefore the d i po 1 e environment does not change by much. Hence this 
cannot account for the above observations. 
Order of clustering 
It is wel 1 known that clusters are readily formed in rare-earth 
doped CaF 2. (GB-J2) Using aud i a-frequency capacitance and conductance 
measurements, it has been reported that in CaF 2 samples with low Ce 
concentrations there is a TSDC peak at ~400K which has the 
characteristic of a "gettered" 2:2:2 complex i.e. a usual 2:2:2 complex 
configuration plus an extra fluorine.C 68 > A 2:2:2 complex consists of 2 
RE 3+, 2 interstitial fluorine along <001> and 2 displaced fluorine in 
lattice sites along <111> (figure 33).(72) At higher rare-earth 
concentration other types of clusters such as trimers are possible. It 
is unknown which is the dominant cluster in the CaF 2:ce samples used by 
us. Therefore we wished, by the following calculation, to obtain the 
order of clustering in our samples. 
Al 1 chemical reaction rates are proportional to the concentration 
of the reactants. The rate equations for reactions with such 
concentration dependence can be of the form: 
reaction rate = k[C] 
reaction rate = k[C]2 
reaction rate = k[CJ3 
(!st. order) 
(2nd. order) 
(3rd. order) 
where C is the reactant concentration, k is the rate constant (see 
below). Reactions that proceed according to such simple rate equations 
are said to be reactions of the first, second, or third order as 
indicated. However not all reactions have such simple rate laws.< 73 > 
I 
---/ / 
0 F. t 1n 
-0 Fint (111) 
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RE 
Figure 33. A 2:2:2 complex consists of 2 RE3+ ions, 2 interstitial 
fluorine ions along <001> and 2 displaced fluorine ions 
in lattice sites along <Ill>. 
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We wish to apply these fundamental reaction kinetics to the 
following reaction between dipoles (0) and clusters (C) with respective 
concentrations Nd and Nc. The reaction considered is: 
(4.5) 
In thermodynamic equilibrium, the law of mass action states: 
(4.6) 
where k is given by 
k = exp(~S/k)exp(-~H/kT) (4.7) 
where ~S is the change in the entropy and ~H is the change in the 
enthalpy for the reaction. 
We assume only two possible reactions, i.e. second-order or 
third-order to yield dimers or trimers respectively, and let No and NT 
denote the dimer and trimer concentrations respectively. The dimer and 
trimer reactions are written: 
0 + D ~~ c 2 (dimers) 
D + 0 + 0 +~ C3 (trimers). 
From the law of mass action we therefore have 
No = kNa 
NT = kN~ 
(4.8) 
(4.9) 
(4.10) 
The total ce3+ concentration, C0 , for dimer and trimer reactions is 
given as 
co = Nd + 2No (4.11) 
co = Nd + 3NT. (4.12) 
Substituting (4.9) into (4.11), and (4.10) into (4.12) we have 
co = 
2 Nd + 2k 1Nd (4.13a) 
or 
( 4. 13b) 
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(4.14a) 
or 
(4.14b) 
In these equations X= Nd/C0 • By using the values for Nd obtained from 
the optical absorption measurements we can plot C0 against (l-X/X2>1/ 2 
and against (l-X/X 3>112• If the plot of C0 against (l-X/X2) gives a 
straight 1 ine, then dfmer formation is fndfcated. Conversley, ff the 
(l-X/X3 >1/ 2 gives a straight line, then trimer formation is indicated. 
By using the data for Ng and C0 fn table 3 we found that the 
c 1 uster f ng reaction fo 1 1 owed neither 2nd. nor 3rd. order (see figure 
34). We be 1 i eve this is because there are a 1 so higher-order c 1 usters 
other than the simple 2nd. or 3rd.-order aggregates that we assumed in 
our calculation, i.e. not neglecting the higher-order cluster formation 
the equations (4.13b) and (4.14b) will not hold anymore. 
Effect of ionizing radiation 
We recal 1 that Wagner and Mascarenhas< 14 ) suggested that ionizing 
radiation reduces the size of the TSDC peak in CaF 2:Ce (i.e. a 
reduction in the c4v dipoles concentrations), and furthermore, they 
concluded that for each four dipoles destroyed one photochromic center 
is formed. In order to monitor the effect of the ionizing radiation on 
the dipolar c4 v centers, we performed optica-l absorption and TSDC 
measurements on CaF 2 doped with 0.5~ Ce before and after y-irradiation. 
The dose chosen was 3.3kGy. We did not observe any reduction either in 
the size of the optical absorption peak at 303nm or in the size of the 
TSDC peak belonging to the dipolar c4v centers. We, therefore, do not 
be 1 i eve that the c4v centers are the precursors to the PC centers as 
TABLE III 
Values of the Ce melt concentration, N~ (actual dipole 
0 
concentration), the ratio (X) of C0 to Nd and the two 
functions of X (described in the text). 
c 
0 
0 
Nd 
(mole %) (mole %) 
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claimed by Wagner and Mascarenhas.< 14 ) The possible ce3+ site involved 
in forming PC centers is given in chapter 5. 
Section 8 
CaF.f.:Ce,Mn 
Figure (35) shows that as the Mn concentration is increased Na 
decreases whereas Ng remains the same. S i nee the actua 1 d i po 1 e 
concentration (N~) does not change we cannot claim that the TSDC peak 
size is being reduced because of the c4 v dipoles getting close 
together. Instead we reca 1 1 that the equation for the effective 
polarization (Pe) (equation 21) and note that, for constant Teff• FP 
and Nd (considering the actual dipole concentration), the dipole moment 
(~)also affects the value of P8 . We believe, therefore, that as the Mn 
concentration is increased the dipole environment is altered, to the 
extent that the higher Mn concentration (2.01.) drastically changes the 
local crystal structure. Since the size of the TSDC peak is reduced as 
Mn concentration is increased we suggest that an increase in Mn 
concentration results in a 1 ower i ng of the distance (d) between the 
ce 3+ and F- ions in the (Ce 3+-F-)C 4v center, with a consequent 
reduction in the dipole moment (u = ed). 
We also observed that the activation energy (both E8 and E1) 
first started to increase and then decreased as the Mn concentration 
increased (figure 36). We can offer no detailed explanation for this 
behavior. In figure (37) we see that the width parameter (p) decreases 
as the Mn concentration is increased up to 0.5%. This might be as a 
result of the reduction in ~. as can be seen from the following 
equation 
87 
10~----------------------------~ 
8 
-
,_ 
6 I E 
(.) 
co 
,_0 
,_ 
-
4 
0 "'C 
z 
2 
0 
Figure 35. 
• 2 
1 
• ------ . -. ----
.5 .1 .001 .01 
1.2 1.4 1.6 1.8 2 
The concentration of c4v dipoles as determined by optical 
absorption as a funct1on of that determined by TSDC. The 
Ce content is fixed at 0.5%. The Mn content varies as 
indicated in the figure. 
.48 
....... 
> 
Q) 
....... 
>. 
01 
.... 
Q) 
c 
w 44 
c 
0 
~~ 
tU 
> 
-0 
<( 
.40 
0 
-~ E1 D I~~ EBO 
Figure 36. 
--~ 
.5 1 1.5 2 
M n Concentration (mole%) 
The variation in activation energy ( E8 and E1), as a 
function of the Mn concentration for samples w1th a 
fixed Ce concentration of 0.5%. 
CD 
CD 
5rr--------------------------------------------------------~ 
,... 4 
> 
('t)Q) 
I 
0 
.... 
~ 3 
Q) 
Qi 
E 
~ 21 I
"0 
3: 1 
0 
0 
Figure 37. 
.5 1 1.5 
Mn Concentration (mole'X,) 
The variation in width parameter (p) as a function of the 
Mn concentration for samples with a fixed Ce 
concentration of 0.5%. 
2 
()) 
".0 
(4.15) 
Here Eintis the dipole-dipole interaction energy, r 12 is the vector 
connecting the position of dipoles ~ 1 and ~ 2 and e is 7.69. Thus, a 
reduced JJ(JJ 1 = JJ 2 = JJ) results in a weaker interaction between the c4v 
dipoles. This in turn wil 1 reduce the width parameter (p) in accordance 
with the data of the other workers on CaF 2 :RE systems. <61 - 64 ) Beyond 
0.5%Mn however, p increases once again. At these high dopant 1 eve 1 s, 
although Mn substitutes for Ca, but there wi 1 1 be a transition of local 
crystal structure from CaF 2 to MnF 2 which is not isomorphous with CaF 2. 
Hence this might result in such behavior seen for concentrations beyond 
0.5"/.Mn. 
Section C 
Summary and conclusions 
The major observations of this study were: 
(i) Ionizing radiation did not either reduce the size of the TSOC peak 
or the optical absorption peak at 303nm belonging to the dipolar c4v 
centers. 
(ii) The relaxation parameters E and p for dipole rotation changed as 
Mn concentration increased in CaF 2 with fixed Ce concentration. 
(iii) Lack of one-to-one correspondence between N~ (concentration of 
dipoles using TSOC method) and Ng (concentration of dipoles using 
optical method). 
Based on the above observations we conclude the following. (1) PC 
centers are not formed from dipolar c4v centers during irradiation as 
claimed by Wagner and Mascarenhas< 14 >(viz. observation i). (2) The 
presence of the Mn ions next to c4v centers from which energy transfer 
90 
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to these ions takes place can be detected by TSDC method (viz. 
observation ii). (3) The concentrations calculated by using TSDC method 
does not represent the actual dipole concentration (viz. observation 
i i i ) . 
CHAPTER V 
CaF 2:ce 
In this chapter we report and discuss the results we have 
obtained, using optical absorption, photoluminescence and 
thermoluminescence, for CaF 2:Ce. And we also, based on these results, 
suggest the TL mechanism occur i ng in this materia 1. We hoped that by 
understanding the TL mechanism in the samples intentionally-doped with 
Ce we would gain useful information into the behavior of Mn-doped CaF2 
which, inevitably, contains rare-earth impurities. As we wi 11 see 
1 ater, rare-earth impurities have a strong i nf 1 uence on the TL 
production in these materials. 
Section A 
Optical absorption 
The absorption spectrum of un-irradiated CaF 2:Ce reveals 
absorption bands due to 4f-5d transitions of the single 4f electron in 
ce 3+ ions in c 4v symmetry and clusters of these centers. The bands 
marked 8, and E in figure (5) are attributed to the electronic 
transitions in ce 3+ in C 4v symmetry, whereas C and D are due to 4f-5d 
transitions within the unknown clusters of the c4v centers.0 7-l 9) We 
note in figure (38) that the bands C and D grow more rapidly with 
increasing Ce concentration than the c 4 v bands, supporting the view 
that they are due to Ce aggregates. 
92 
100 
-
,.. 
E -
0 
-..... 
c 
Q) 
0 
-
-Q) 8 50-
c 
0 
..... 
a. 
t.... 
0 
(/) 
.0 
<( 
I c ~ 
D) 
I 
2 
I 
~1.5 
t-1 
--5 
1-J 
\W/~1--o1 k/\\~ I Q~ ~!:M C 5r~ I 
2 00 ' Wavelength (nm) 
72 5 
Figure 38. Optical absorption spectra for CaF 2 doped with Ce(of 
concentrations 0.01, 0.1, 1.0, 1.5 and 2.0'7.) 
representing the rapid growth of cluster bands marked C 
and 0 as a function of Ce concentration. 
900 
'-.0 
\.N 
94 
The optical absorption of a y-irradiated sample (figure 39) 
reveals the growth of new, overlapping bands in the visible region 
(300-900nm); we also witness an overall enhancement of the bands in the 
UV region which indicates the growth of underlying bands. However, the 
absorption due to Ce 3+ in C 4v symmetry and to the clusters of these 
centers are themselves apparently hardly affected. This agrees with our 
TSDC data (chapter 4 section A) which demonstrated no reduction in the 
height of the TSDC peak with irradiation. 
Figure (40) shows the radiation induced bands in more detai 1. 
These have been identified by other workers to be due to ce2+ in Oh 
symmetry and to PC centers (see chapter 3 section 8). Absorption from 
PC+ centers (see chapter 3 section 8) is also observed. Thus we have 
labeled the Ce2+ (Qh) bands according to the identification by Al ig et 
al <20 >, and the bands due to PC centers and pc+ centers as identified 
by Staeb l er and Schnatter l y. ( 75 ) The under l y i ng absorption bands that 
we are observing in figure (39) (to which there is also a contribution 
by the PC and PC+ centers) might contain absorption due to unidentified 
nonparamagnetic hole centers that are stable at room temperature (see 
chapter 3 section 8). (37) 
Figure (41) displays the effect of pulse annealing on the optical 
absorption of the y- irradiated sample. The bands due to the ce 2+ (Oh) 
centers were observed to decrease at temperatures up to 150°C, and we 
also observed a slight increase in the PC absorption bands near 700nm. 
Figure (42) (obtained after heating to !50°C) clearly reveals the PC 
bands. These bands finally disappear between 250°C and 400°C and the 
crystal is apparently returned to its unirradiated state. 
These observations can be understood from the photochromic 
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Figure 42. Optical absorption of y-irradiated (4.4kGy) CaF 2:ce (0.05%) at room temperature, after !50°C thermal anneal. \..() {)) 
reaction as described by Staebler and Schnatterly,< 75 > namely 
pc+ + Ce2+ ~ PC + Ce3+ ( 5. 1 ) 
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Here, an electron is released from Ce 2+ and recombines with a pc+ 
center to form a PC center. However, we shou 1 d note that not a 1 1 the 
electrons released from the ce2+ sites recombine with PC+ centers in 
this way. Some may be captured by the trapped-ho 1 e centers (which, as 
we noted above, remain unidentified at present). 
Reaction (5.1) can also be induced by bleaching into the ce 2+ 
absorption bands (figure 43). Here we observe that 500nm bleaching 
produces a similar effect to 150°C heating, but not as strongly. 
388nm i I 1 urn i nation of a previous 1 y-heated samp 1 e (to l50°C) 
induces the reverse reaction to take place namely: 
ce3+ + PC ~j. ce2+ + pc+. ( 5. 2) 
The effect of this is i 1 lustrated in figure (44) where we observe 
that the crystal does not return to the original irradiated state. This 
is because during the reaction (5.1) some electrons were lost by 
recombination with the trapped-hole centers. Reactions (5.1) and (5.2) 
make up the photochromic process which is discussed in some detai 1 by 
several authors. <20 •75 > 
Section 8 
Photoluminescence 
We have investigated the excitation and emission spectra of CaF 2 
doped with Ce. Figure (8) shows the emission spectrum under UV 
excitation of CaF 2:ce (0.011.). As shown the emission is a doublet (320 
and 340nm), and it is attributed to the deexcitation from lower energy 
levels of 5d to the 2F512 and 2F712 ground state energy levels of ce3+ 
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Figure 43. Optical absorption of y-irradiated (4.4kGy) CaF 2:Ce 
(0.051.) at room temperature, after 500nm bleaching (~I 
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which are split by the spin-orbit interaction and c4v crystal field. As 
can be expected, the excitation spectrum, shown in figure (45), has the 
same characteristic as the c 4 v absorption band. The 250nm excitation 
band may be due to the c 1 usters. A 1 though there is not an absorption 
band peaking at ~250nm, this wave 1 ength fa 1 1 s into the region of the 
broad absorption band of the clusters. 
500nm 1 ight i 1 1 umination of a y-irradiated CaF 2:ce (0.5%) also 
resu 1 ts in the same Ce 3+ doub 1 et and in a 290nm 1 umi nescence feature 
(figure 46). We be 1 i eve that during 500nm (absorption band of Ce 2+) 
irradiation electrons 1 iberated from cubic ce2+ ions recombine with 
stable hole centers producing (Vk+e) type recombination luminescence at 
290nm.< 37 ) Since this emission overlaps with the absorption bands of 
the ce 3+ ions in c4v symmetry and the clusters of these centers, 
radiative energy transfer from the electron-hole recombination to ce3+ 
may take place by reabsorption and the Ce3+ doublet luminescence is the 
result. It is to be noted that the emission shown in figure (46) is 
only observed following 500nm illumination of a freshly irradiated 
sample. Although exposure to 388nm 1 ight of a y-irradiated sample, 
which has been previously heated to t50°C, causes recovery of the 
thermally-annealed absorption bands, subsequent 500nm 1 ight 
i 1 lumination does not produce luminescence. This observation can also 
be explained using the photochromic reactions discussed above. We 
observed that heating an irradiated sample to 150°C caused some 
e 1 ectrons to recombine with trapped-ho 1 e centers, thus removing the 
trapped-hole recombination sites. Although we may then induce reaction 
(5.2) by 388nm 1 ight bleaching, subsequent illumination with 500nm 
1 ight does not produce luminescence because the trapped-hole centers 
Figure 45. 
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are no longer available in appreciable numbers. Thus 500nm 1 ight only 
induces luminescence on a freshly irradiated sample. We further 
conclude from these observations that electron capture by pc+ centers 
is a non-radiative process. 
Section C 
Thermoluminescence 
The TL from y-irradiated CaF 2:Ce at room temperature shows two, 
major, composite peaks at -130 and 350°C (figure 47a). Spectral 
decomposition of the TL glow curves throughout the temperature range 
reveals Ce3+ emission and (Vk+e) type recombination luminescence. The 
observed spectra are identical to the spectra shown in figure (46). 
The 130°C peak appears in the same temperature range over which 
the Ce 2+ and pc+ bands disappear and the TL in the higher temperature 
range coincides with the annealing of the PC bands. The TL glow curve 
of a 150°C thermally-bleached sample, shown in figure (47b), exhibits a 
drastic reduction in the 130°C peak. Figure (47c) displays the TL glow 
curve of a 150°C thermally-bleached sample, but exposed to 388nm 1 ight. 
As it is observed, the !30°C peak is not reproduced; it on 1 y appears 
during heating a sample immediately after y-irradiation. We also note 
that the TL in the higher temperature region is reduced by the 388nm 
bleaching. This is consistent with the contention that this TL is 
related to the PC centers. 
Section D 
Summary and conclusions 
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(0.2kGy) but thermally annealed to I50°C followed by 
388nm light bleaching for 1/2 hour at room temperature. 
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The major observations of this work are: 
(i) ce3+ in oh symmetry is reduced to ce2+ after ionizing radiation 
(figure 40). This confirms the presence of trapped-hole centers in the 
crystal, which are stable above room temperature.< 37 > 
(ii) The appearance of the PC bands after !50°C thermal bleaching 
(figure 42) and the simultaneous fading of the Ce2+ and pc+ absorption 
bands. This can also be induced by 500nm bleaching. 
(iii) The disappearance of the PC bands at higher temperature (-350°C) 
(figure 41). The PC bands are a 1 so reduced by 388nm b 1 each i ng (figure 
44). 
(iv) The correspondence between the TL glow curve (figure 47) and the 
step annealing of the optical absorption spectra of figure (41). 
(v) The agreement between the TL spectra and photoluminescence spectra. 
(vi) No reduction in the optical absorption of the c 4 v and cluster 
bands due to ionizing radiation, which agrees with the TSDC data which 
demonstrated no reduction in the height of the TSDC peak with 
irradiation. 
In the 1 ight of these observations we propose the following model 
for the TL production above room temperature in CaF 2 doped with Ce. 
During ionizing radiation electrons and holes are created and electrons 
are captured by ce3+ ions in oh symmetry, thus reducing them to ce2+ 
The fact that it is those Ce3+ ions in Oh symmetry which are reduced to 
Ce 2+ is supported by EPR measurements on CaF 2:Tm by Hayes and 
Twide1.< 76 > These authors suggest that only those Tm3+ ions remote from 
the charge compensating defects (i.e. the F- interstitia 1 s) trap 
electrons, because of the repulsive coulombic effect of the negative 
charge compensator. The holes are trapped in other lattice sites, the 
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Identity of whfch fs unknown at present. However, investigations of 
trapped-hole centers in CaF 2:Tm by Beaumont and co-workers<37) and 
additional work on different types of hole centers by Hal 1 and co-
workers,<35-36> clearly demonstrate the existance of stable hole 
centers at room temperature. Heating to 150°C results fn the release of 
electrons from the Ce2+ fons. We have demonstrated that the capture of 
electrons by pc+ centers is non-radiative. We therefore suggest that 
the TL emission is the result of electron recombination withVk 
centers. This process wi 11 yield luminescence at ~290nm which overlaps 
with the absorption bands due to Ce3+ in c 4v symmetry sites and 
clusters of these sites. In this way some of the energy from {Vk+e) 
type recombination w i 1 I be absorbed giving ce3+ in an excited state. 
Relaxation of these ions wi I 1 produce the Ce3+ doublet. Thus we expect 
that the thermally stimulated electron released from Ce2+ centers will 
produce thermoluminescence characteristic of (Vk+e) type recombination 
(290nm emission) and ce3+ relaxation (320nmand 340nm emission). This 
process may be represented as follows: 
crystal + y-ray ~ Pc+ + PC + ce2+coh) + vk 
Ce2+ + heat(150°C) ~ Ce3+ + e 
vk + pc+ + 2e ~PC+ 290nm light(TL) 
ce3+ + 290nm light~ ce3+· 
ce3+• ~ ce3+ + 320nm and 340nm light(TL). 
(5.3) 
(5.4) 
(5.5) 
(5.6) 
(5.7) 
The observation that heating the sample above 400°C induces the 
thermal recovery to the virgin state of the crystal supports the view 
that the PC centers recombine with different thermally stable F0 
interstitial centers to regain the perfect lattice at higher 
temperatures. Similar processes involving vacancy/interstitial 
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recombination have been demonstrated to yield thermoluminescence in 
alkali hal ide crystals.0 3•77 > Thus, the TL observed at ~350°C in the 
present samples may be the result of similar mechanisms taking place at 
the PC centers. F-H recombination in CaF 2 is known to result in 280nm 
emission.< 78 > Thus, the 290nm emission observed in this work may be 
viewed as resu It i ng from the recombination between interstitial s and 
the vacancies present within the PC centers. Once 290nm emission is 
produced, it may be partialy reabsorbed by the Ce3+ ions to produce the 
Ce3+ doublet luminescence as before. The detai Is and subtelties of 
these mechanisms are unavai Jable to us at present and must await more 
detailed studies. 
Finally, concerning observation (iv) we propose the following. 
Since neither the TSDC peak (see chapter 4, section A) nor the optical 
absorption band due to the C 4v dipole centers are affected by 
irradiation, the claim by Wagner and Mascarenhas< 14> that PC centers 
are formed from Ce3+ in c 4v sites during irradiation is rejected. 
Instead, it is known that Ce3+ ions, which substitute for ca2+ in the 
CaF 2 lattice, are also located in Oh sites. Hence, since from our 
observations we concluded that PC centers are not formed from c 4v 
dipoles, a plausible alternative is that Ce3+ ions in Oh sites are the 
precursors to the PC centers. The trapping of an [-center by a Ce2+ ion 
in ann position (along <Ill>) would produce a PC center directly. 
CHAPTER VI 
CaF2:ce,Mn 
The primary reason for investigating CaF 2:ce,Mn was the result of 
the claim by Sunta<B) that TL emission from Mn 2+ in CaF 2:Mn was the 
consequence of energy transfer from rare-earth ions (e.g. ce3+) to the 
Mn 2+ ions. During this study, from the results of our measurements, we 
gained valuable information concerning the affects of Ce ions on the TL 
production in CaF 2:Mn. This information opens a new window into the 
understanding of the TL mechanism in CaF 2: M n as w i 1 1 be discus sed in 
chapter 7. 
Section A 
Optical absorption 
Optical absorption of unirradiated CaF 2:Ce,Mn (0.01%, 0.5%) is 
shown in figure (48). This absorption spectrum is very simi Jar to the 
absorption spectrum of the Ce-only doped CaF 2 shown in figure (39a). 
The observed bands in the UV region, as mentioned in chapter 2, are 
assigned to Ce3+ (C4v) centers and clusters of these centers. 
Figure (49) displays the absorption spectrum of CaF2:ce,Mn (0.5%, 
0.5%) following 2.56kGy y-irradiation at room temperature. From a 
comparison between this spectrum and that of CaF 2:Ce (0.5%) (figure 
39b), the similarity in the radiation induced absorption bands can 
easily be seen. For comparison purposes we show in figure (50) the 
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optical absorption of CaF2:Mn (0.5%) which reveals the absorption bands 
due to presently unidentified Mn/radiation induced defects. Although 
the Ce and Mn contents are the same in this materia 1 the Mn-re 1 ated 
bands have been suppressed in figure (49). 
To study this effect more we investigated samples of CaF 2 
containing fixed Mn (0.51.) with variable Ce concentrations of 0, 0.01, 
0.1, 0.5, and 2.0%. The results are shown in figure (51) where we 
display the optical absorption for each sample following irradiation. 
We note that, according to figure (51c) even for a 0.01% Ce 
concentration, i.e. aCe content of 50 times less than that of Mn, the 
Ce-related absorption bands dominate the spectrum. At Ce concentrations 
of 0.11. and higher the appearance is given that Mn is not present in 
these materials at all (figure 51d-f). However from photoluminescence 
measurements, we have confirmed the presence of Mn in these materials. 
Figure (52) displays the effect of pulse annealing on the optical 
absorption of a CaF 2 :Mn,Ce (0.5%, 0.5%) sample y-irradiated at room 
temperature. This spectrum is very simi Jar to that of CaF 2:ce (figure 
41) and is seen to contain bands due to Ce 2+(0h), PC and PC+ centers. 
The absorption bands due to Ce2+(0h) centers were observed to decrease 
over the temperature range from room temperature up to 150°C. We also 
observed a slight increase in the PC absorption bands near 700nm over 
the same temperature inter va 1. These 1 atter bands disappear between 
250°C and 400°C. The main reaction which governs these observations is 
the photochromic reaction (5.1) discussed in chapter 5. 
Section B 
Photoluminescence 
Figure 5!. 
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The emission spectrum following excitation at ~285nm (a region of 
the absorption band of the Ce3+ cc 4 v> centers) for CaF 2:Ce,Mn (0.01'7., 
0.5%) is shown in figure (53). This spectrum displays the same doublet 
emission feature (320 and 340nm) as that of CaF 2:ce (0.01'/.). As 
reported earl i er, this emission be I ongs to Ce 3+ ions (see chapter 2 
section 8). Excitation at 310nm, in addition to the ce3+ doublet 
emission, also produces a spectrum characteristic of emission from Mn 2+ 
(figure (54)). This emission which peaks at ~S!Onm, is attributed to 
the relaxation of electrons from the excited 4GC 4T1g) level to the 
ground state 6sc 6A 1 ~) within Mn 2+ ions. We also witness a weak emission 
at ~430nm. This emission is possibly from traces of impurities 
contained in this material. The position of the emission from the Mn2+ 
(51 Onm) is reported by other authors ( 19 > to peak at ~520nm. We shou 1 d 
mention that the data reported by us are uncorrected for the response 
of the detection system. This may in part exp I a in some of the 
discrepancy. Nevertheless we, at this point do not know the exact 
nature of the wavelength difference. 
Excitation at 395nm (i.e. one of the Mn 2+ absorption bands) 
produces emission from Mn 2+ which peaks at ~490nm (figure 55). The lack 
of correspondence between this emission (490nm) and that produced by 
excitation at 310nm (i.e. SlOnm emission) is discussed by McKeever et 
a1.< 19 > They conclude that since the Ce 3+ ions which substitute for 
Ca2+ ions have a larger ionic size, thus their association with Mn 2+ to 
which energy transfer from Ce3+ ions takes place results in an 
"-t increase.d ligand field around the Mn'- ions. This, therefore, causes a 
larger Dq splitting of the Mn 4G energy levels, which results in a 
longer-wavelength emission. They further suggest that the association 
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Figure 54. Emission spectrum, showing emission from Mn 2+ ions, in 
CaF 2 :Ce,Mn (0.01%, 0.5%) as a result of excitation at 
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1 21 
of Ce3+ ions also changes the symmetry of the Mn2+. This in turn via a 
decrease in the forbiddance reduces the 1 ifetime from 55ms for the 
490nm emission to 38ms for 520nm emission. 
Figure (56) displays the excitation spectrum for the 510nm 
emission. As indicated in this figure, the excitation bands are 
characteristic of both Ce and Mn absorption. However, it can easily be 
seen that the dominant excitation band for the 510nm emission from Mn 
belongs to Ce3+ (C4vl absorption (see figure 48). 
Section C 
Thermoluminescence 
For the purpose of investigating the suggested energy transfer 
from Ce to Mn during TL in CaF2:Mn, we performed TL measurements above 
room temperature on CaF 2 :Mn (0.5%) with variable Ce concentration 
(0.01, 0.1, 0.5 and 2.0%). 
The TL glow curves are shown in figure (57). As seen they display 
similar features to the TL from CaF 2 :Ce (figure 47a). The spectral 
decomposition of the TL glow curves has revealed the presence of 495nm 
emission.<SO) We have also, by using Corion-narrow-bandpass 
interference filters (334 and 490nm) in order to discriminate between 
emission from Mn 2+ and emission from ce3+ ions, confirmed the above 
observation. The presence of this 495nm emission, as a component of TL 
1 ight and also the appearance of a weak TL emission at temperatures 
greater than 400°C are the main and obvious differences between the TL 
emission from this material and that of CaF2:Ce (chapter 5, section C). 
As in CaF 2 :ce, the J30°C glow peak appears in the same 
temperature range over which the ce2+ and pc+ bands disappear and the 
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CaF z: Ce, Mn ( 0. 0 11., 0. 51.) . 
'e 
c: 
:I 
>-
.... 
(I) 
.... 
:e 
~ 
G> 
0 
c 
G> 
0 
en 
G> 
c 
E 
:J 
-0 
E 
~ 
G> 
.r:. 
1-
20 
15 
10 
5 
00 
Figure 57. 
100 400 500 
Temperature [°C] 
TL ~low curves from CaF2 :ce,Mn for (1) 01. c:; (2} 0,01%; 
(3) 0.1%; (4) 0.5%; (5) 2.01.. Mn content 1s 0.5%. 
Irradiation is performed at R.T. with 2.56kGy of 60co 
gamma rays. 
__. 
[\_; 
\j.J 
124 
TL in ~350°C coincides with the annealing of the PC bands. In figure 
(58) we compare the TL from CaF 2:Ce,Mn with CaF 2:ce and CaF2:Mn. As can 
be observed the TL glow curve from CaF 2:Ce,Mn apparently shows the same 
features as CaF 2:ce rather than CaF 2:Mn. Thus we note that in the TL 
from CaF 2:Ce,Mn, the presence of Ce dictates the main features of the 
glow curves. This is similar to the conclusions we have already reached 
regarding optical absorption. 
By using the Corion-narrow-bandpass interference filters (490 and 
334nm) to isolate the emission from Mn and Ce and monitoring the glow 
peak height at 130°C we observed the following. The TL emission from 
Mn 2+ diminished as the Ce content was raised (figure 59). Also the 
increase in the Ce content resulted in an enhancement of the Ce 
emission (figure 60). 
In order to understand the mechanism(s) by which TL emission from 
Mn in this material is produced we performed TL measurements on 
CaF 2:Ce(0.5'7.) with variable Mn concentration (0.001, 0.01, 0.1, 0.5 and 
2. 0'7.). We noticed that increasing the Mn concentration resu 1 ts in an 
increase in Mn emission from these ions (figure 61). We also witnessed 
a decrease in the Ce emission with increasing Mn concentration (figure 
62). Once again these measurements were taken using 320 and 490nm 
interference filters to isolate the Mn and Ce emission components. 
Section 0 
Discussion and conclusions 
The primary observations of this study are: 
(i) The severe reduction of the Mn-related optical absorption bands 
when Ce is present. 
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(i i) The similarity of the TL and optical absorption curves between 
CaF 2:Ce and CaF 2:ce,Mn. 
(iii) The presence of emission from Mn 2+ as a component of the TL 
emission in CaF2 :ce,Mn, and the appearance of a weak TL emission at 
temperatures higher than 400°C in these samples. 
(iv) Identical features in the effects of pulse annealing on the 
optical absorption of y-irradiated CaF 2:Ce and CaF 2:ce,Mn. 
(v) The existence of a strong excitation band due to ce3+ cc 4 v) 
absorption and an excitation band due to the clusters of these centers 
for emission from Mn2+. This observation agrees with that of McKeever 
et a 1 . (57 ) 
(vi) A reduction in the TL emission from Mn, and a gain in the TL 
emission from Ce as a result of an increase in the Ce concentration. 
(vii) An increase in the TL emission from Mn, and a decrease in the TL 
emission from Ce, as a consequence of adding more Mn. 
Based upon the above observations we conclude the following: 
(A) Ce has a strong influence on the optical absorption and TL from 
CaF 2 :Ce,Mn, i.e. it acts as a very strong competitor to Mn in forming 
impurity/radiation induced defects during ionizing radiation (viz. 
observation (i) and (ii)). This effect is so strong that Ce dictates 
the observed features of the TL and optical absorption spectra from 
this material . 
(8) Energy transfer from Ce 3+ cc 4v> to Mn 2+ takes place with high 
efficiency to produce emission from Mn 2+ during photoluminescence (viz. 
observation (v)). Energy transfer from clusters to Mn 2+ also produces 
emission from Mn2+. 
(C) We believe the model for TL production at above room temperature in 
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this material (except for observation (iii)) is akin to that in CaF2:ce 
(viz. observations (ii) and (iv)). i.e. the mechanism producing the 
-130°C glow peak as discussed in chapter 5, is governed by the reaction 
(5.3-5.7), and the TL observed at -350°C is probably the result of F-H 
type recombination. 
Concerning the emission from Mn 2+ as a component of TL emission 
in this material, we, from our observations and the work of other 
authors, suggest the following possible mechanisms. 
I. Re-absorption mode I. In this model it is assumed that some of the 
290nm light produced during Vk+e recombination which occurs during 
heating to 150°C (see chapter 5, section D) is absorbed by Mn/radiation 
induced defects. These defects have strong absorption bands in this 
spectral region (figure 50). This thus leaves the Mn2+ ion in an 
excited state. Relaxation to the ground state yields 490nm emission. 
Some observations relevant to this model are as follows: 
X-ray-induced 1 um i nescence data by McKeever et a l ( 19 > show the 
production of 290nm emission during X-ray irradiation in CaF 2:Ce,Mn 
(figure 63). The excitation spectrum from irradiated CaF 2:Mn (figure 
64) obtained by McKeever and Hall iburton(79 > reveals that absorption at 
290nm produces emission from Mn2+. By adding Mn/radiation induced 
defect absorptions bands increase thus increasing emission from Mn 2+ 
during TL (observation (vii)). Observation (vi) shows that as Ce is 
increased the number of Mn/rad i at ion induced defects decreases 
This thus results in the observed reduction of the emission from Mn 2+. 
2. Energy transfer model. This model assumes that reabsorption of 290nm 
1 ight produced by Vk+e recombination during heating to 150°C 1 eaves 
Ce3+ (C4v> in an excited state. Then the non-radiative energy transfer 
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from some of these excited Ce3+ ions to Mn 2+ causes emission from Mn2+ 
ions. Observation (v) provides evidence for energy transfer from Ce3+ 
(C4v) centers and clusters of these centers to the Mn 2+ ions. Howeve~ 
observation (vi), which is similar to data from X-ray-induced 
luminescence reported by McKeever et a1,< 19 > shows that adding Ce 
decreases emission from M n2+ rather than Increasing it. In contrast, 
photoluminescence measurements by the above authors show an entirely 
different behavior. This difference is summarized in figure (65}. The 
diminishing emission from Mn 2+ may possibly be a consequence of Ce-to-
Ce energy transfer when Ce is added, but this does not explain why the 
photo 1 urn i nescence is so dIfferent from the TL and X-ray 1 urn i nescence 
data. 
Lastly, the TL emission from Mn 2+ at ~350°C and above 400°C can 
be envisioned as a result of F-H pair recombination and wi 11 be 
discussed in chapter 7. However, we note briefly here that this 
mechanism wi 11 also produce 290nm emission. Absorption of this emission 
by Mn 2+ (which possess a weak absorption band at 290nm) ( 15) may then 
result in 490nm emission. 
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Variation in the intensity of the emission from Mn2+ as a 
function of Ce content: (a) photoluminescence-measured 
at 500nm and excited at 315nm; (b) TL-intensity at 
I00°C measured at 490nm; (c) X-ray-induced luminescence 
measured at 495nm. (After McKeever et al (5 7l). 
Chapter VI I 
Owing to its attractive TL properties, such as high radiation 
sensitivity and large 1 inear dose range, CaF 2:Mn has been used as a 
popular TLD material. Surprisingly, however, this material has an 
initially high fading rate (signal loss caused by heat, 1 ight or 
anomalous effects.) Although its properties regarding its TLD 
performance have received much attention by researchers, the exact TL 
production mechanism in this materia 1 is st i 1 1 uncertain. A know 1 edge 
of the TL mechanism (i.e. the identification of the defects involved in 
the TL process) may play an important role in understanding the cause 
of the undesired factors. For examp 1 e, what ro 1 e does the presence of 
trace impurities play in the production of TL? The results of neutron 
activation analysis (performed at the Chemistry Department of the 
University of Maryland) on the representative samples of CaF 2:Mn used 
by us is given in tab 1 e (IV). This tab 1 e represents the presence of 
trace elements in these materials. This table also reveals that for low 
Mn concentration the actual Mn content in the crystal is the same as 
the melt Mn-contents whereas for higher dopant levels the actual Mn-
contents in the crystal are approximately half of the melt 
concentration. 
These and other factors are addressed in this chapter. The 
chapter is divided into two sections (A and B). In section (a) we 
present TL and optical absorption data concerning the effects of 
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•a 
I 
•• 
I 
Se 
Cr 
Fe 
Co 
Zn 
A a 
Br 
Sr 
~~ 
TABLE IV 
Neutron activation analysis of a representative 
set of CaF2 samples 
•••• 1 .. 
r!~::•=:, ~~~::·-::, 1'tone il •a) ;~r···· 
·-··· 
'·"" 
l.tou , •• )01 
'·''01 
• 0.01)1 • 0.0101 • 0.0101 0.0101 - • -
1.100 0.600 0.600 t.JOO 
• 0.300 • O.lOO • 0.100 • 0.700 - . . .. 
t6.000 91.000 to.ooo 16.000 
• s.ooo • s.ooo • 5.000 • 5.000 - . . -
- - - 5.000 
• ].000 - - - -
0.013 0.01'7 0.020 0.011 
. 
• O.OOil • 0.003 • O.OOil • o.o.-- - -
-
0.900 ppb 1.300 ppb 26.000 
-
! O.iiOO ppb ! 0.1100 ppb •• 3.000 
80.000 60.000 60.'000 120.000 
! 30.000 • 30.000 ! 30.000 ! 30.000 
0.230 
- - 0.160 
• 0.080 ! 0.080 - - -
8.900 5.000 
- 10.600 
• 2.600 ! 2.iiOO : 3.•ooo - -
- -
0.050 0.01 9 
• 0.025 ! 0.008 - - -
, • 060 
- - 0.230 
• 0.090 • 
- - - -
0.020 
2110.000 2110.000 uo.ooo 280.000 
! 20.000 ! 10.000 : 20.000 : 20.000 
-
- - 0.230 
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TABLE IV (;continued) 
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,··~:.,.~, 
'0.1 ... _(~~:;·::, :::·::; ~~~~ftav 
·•oo 
. 
. • 
'·"' 
- - - - .. 
co 0.600 ••• oo 1.000 o.roo 
• o.soo • o.roo • o.soo • 0.100 . • • • 
lb 0.111 0.020 o.•oo 0.008 
• o.o, • 0.0'70 • 0.030 ! o.oo-- - -
•• 55.000 250.000 .20.000 T1.000 
• • 20.000 • so.ooo • 16.000 
-
13.000 
- - -
La 15 •• 00 18.500 u.soo 0.021 
• o.eoo • 0.900 • O.TOO • 0.010 
- - - -
. 
Ce O.T50 0.100 0.5-0 
-
! 0.220 • 0.030 • 0.260 
- - -
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ppb 
- -
ppb 
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-
: 0.060 ! o.o•o ! 0.060 
-
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-
! • 
·3.000 .. 3.000 3.000 ppb 
-
ppb 
-
ppb 
-
Hf 0.110 
- - 0.110 
.. 
0.030 • 0.03(1 - - - -
w 0.028 - - 0.025 
• 0.01!1 • 
- - - -
0.005 
Au 3.200 ppb 1.JIOO ppb ... 000 ppb 1.300 pph 
• ! o.zoo • • - 0.300 ppb ppb - 0.300 ppb - 0.200 ppt 
Th 0.080 
-
0.160 
-
. • 
- 0.030 - - o.oso -
:.1 o.ose 0.20(' 0. 1 C• ~ o.~u . 
. . . 
-
O.OC\9 
-
(' . (I: c. 
-
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background rare-earth impurities on the optical absorption and TL. 
Section (8) contains TL and optical absorption from high Mn-content 
crystals. In this latter section a mechanism for TL production in these 
materials is presented. 
Section A 
Optical absorption 
For the sake of further discussion, concerning the role of trace 
impurities on the optical absorption bands from CaF 2Mn, we first 
investigated the optical absorption from "pure" CaF 2 samples. Figure 
(66) shows optical absorption from "pure" CaF 2 after y-irradiation 
(383Gy) at room temperature. Profi 1 es (a) and (b) are, respective 1 y 
obtained from samples purchased from Optovac and Harshaw. Both curves 
exhibit simi Jar features except that the Optovac sample shows more 
absorption. The observed profi J es revea 1 Smaku 1 a's "four band" 
structure. As seen, the major peaks are observed at ~325, 385 and 
600nm. The fourth peak, which is located at -200nm, is not seen in this 
figure. A careful qualitative comparison between this spectrum with 
those obtained for CaF 2 intentional Jy doped with a variety of rare-
earth ions by other authors<4> suggests that the spectrum observed by 
us is due to the PC centers, possibly formed from a trace of Y or Tb 
which must be present in this materia 1. Some PC+ centers may a 1 so be 
present. 
It should be noted that RE 3+ ions are converted to RE 2+ ions 
during ionizing radiation.<SI) These RE 2+ ions do not give rise to 
absorption in the visible region (except La 2+, ce2+ and Tb 2+).(ZO) 
However, there might be a smal 1 contribution to the spectrum in figure 
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Optical absorption from "pure" CaF 2 samples, after 383Gy 
y-irradiation at room temperature, from (a) Optova and 
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(66) from some divalent ions. 
Figure (67) exhibits the effect of thermal annealing on the 
observed "four band" spectrum in figure (66). As seen a l l the 
absorption peaks anneal together and decay between room temperature and 
Optical absorption from a CaF 2:Mn (0.51.) sample y-irradiated 
(2.57kGy) at room temperature was already displayed in figure (50). As 
can be seen, the spectrum contains the "four band" structure and new 
"Mn-related" absorption bands. Thermal annealing of this spectrum 
reveals that the "four band" component decreases over the room 
temperature to 200°C whereas the Mn-related absorption bands increase 
over this region. This is seen particularly in figure (68) where we see 
that the absorption bands at ~440nm and ~560nm (Mn-related) increase 
while those at ~385nm and ~600nm (due to PC centers) decrease. We note 
that after 200°C anneal the spectrum shows a different feature (curve 
5). This new absorption feature which is Mn-related shows a major 
annealing step over the region from 200°C to 300°C. The remaining 
components of this new absorption feature start to anneal at ~400°C. 
Figure (69) exhibits the absorption curve for the 3.0% Mn-doped 
material. This absorption spectrum has the same features as that of 
0.51. Mn-doped material after 200°C anneal (figure 68, curve 5). Thus, 
at 3%Mn the Mn-related bands totally dominate the spectrum. Hence, we 
observe that as Mn is added to the material the Mn-related absorption 
bands dominate ang the absorption due to the trace impurities is 
suppressed. This observation is also clearly seen in optical absorption 
data obtained from CaF 2 doped with variable Mn concentration by 
McKeever< 82) (figure 70). We interpret this observation based on the 
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nature of competition between Mn and trace of RE ions for forming 
impurity-radiation induced defect(s). This interpretation is entirely 
consistent to what we saw in chapter 6, for intentionally Ce-doped 
CaF2:Mn. In chapter 6 we observed that Ce had a very strong influence 
on the optical absorption and TL from CaF 2:Mn. 
Thermoluminescence 
TL from "pure" CaF 2 following 1.5Gy of y-irradiation at room 
temperature reveals three weak TL emissions (figure 71). The two glow 
peaks at 80 and 190°C are associated with the major annealing of the 
"four band" structure absorption bands from these samples over the room 
temperature-to-200°C region. The annealing of the very weak remainder 
of the absorption bands corresponds to the appearance of the third TL 
peak at ~300°C. 
Figure (72) exhibits TL glow peaks for 0.011. Mn-doped CaF 2. 
In this figure we are witnessing two major glow peaks one at ~190°C and 
the other at 260°C. The TL from CaF 2 doped with Mn of concentrations 
0.1% and 0.5% (figure 73 and 74) show a similar picture to that of 
CaF 2:Mn (0.011.) but it should be noted that as the Mn concentration is 
increased the higher-temperature peak grows larger with respect to the 
1 ower-temperature peak. For CaF 2Mn ( 1 '7.) the higher-temperature peak 
showed a composite structure and it was also shifted to a higher 
temperature, whereas the 1 ower-temperature peak started to diminish 
(figure 75). At 3.0% Mn-doped CaF 2 we only observe one intense, single 
composite peak at ~280°C (figure 76). 
In order to see the effects of Mn concentration on the TL g 1 ow 
curves observed above, we show in figure (77) the relative heights of 
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the various TL peaks. We see the consistancy between this observation 
and the opt i ca I absorption data which, we reca I I , showed that 
increasing the Mn content suppressed the absorption bands due to the 
trace rare-earth impurities (i.e. PC and PC+ centers). Thus the lower-
temperature TL peak is associated with the annealing of these centers. 
On the other han<:J.the higher-temperature peak is associated with the 
annealing of the Mn-related absorption bands.(8Z) As wi I I be discussed 
in section B we believe these bands to be due to (Mn2+_f) complexes. 
Lastly, in figure (78) we demonstrate the effect of the trace 
impurities on the TL from CaF 2:Mn (3%) belonging to two different 
batches but from the same manufacturer. As seen, they exhibit different 
features, i.e. one of them shows more structure in the I ower 
temperature region. We believe that this is due to the unwanted 
presence of rare-earth impurities in the starting material used in the 
crystal growth process. These samp I es were grown by Optovac and they 
used natural Mexican Fluorite as a starting material. 
Thus, the above resu 1 ts show that trace rare-earth impurities 
affect both the size and stability of the various optical absorption 
bands and, therefore, the TL. 
Section B 
Optical absorption 
As we noted in figure (69) the spectrum for higher concentration 
(3%) was totally dominated by Mn-related bands. 
The origin of these Mn-related absorption bands will now be 
discussed. There are several possibi I ities, each of which wi I I be 
discussed separately. We wi I I start with a consideration of Mn+ and 
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Comparison of the TL from CaF 2:Mn (3%), produced from two 
different batches, but from the same manufacturer. 
(Optovac Inc.). 
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From EPR measurements, <79 > it was observed that Mn+ (Mn 2+ 
capturing an electron ) was not formed during ionizing irradiation at 
room temperature. Since Mn 3+ (Mn 2+ capturing a hole) and Mn+ both have 
an even number of electrons in the 3d she! I, their EPR spectra reveal 
very similar features. No evidence of Mn 3+ was seen in the EPR data 
either. Thus, it is not unreasonable to claim that Mn3+ ions are also 
not formed during ionizing irradiation at room temperature. Therefore 
one does not expect contributions from either Mn2+ or Mn3+ to the Mn-
re 1 ated absorption bands. 
It has been reported< 83- 86 > that in systems such as MgF 2, RbMgF 3 
and KMgF 3 doped with Mn 2+, a radiation-induced defect (e.g. an F 
center) with a diffuse wave function can enhance the osc i 1 1 ator 
strength of a nearby Mn2+ ion by a factor ~10 5 . This achieved via an 
exchange interaction and, in turn, results in the observation of the 
otherwise-forbidden internal transitions within these ions. Figure (79) 
shows the schematic diagram for the exchange interaction between the 
ground and first excited states of an isolated Mn2+ ion and an F 
center. McKeever et al ,< 15 > by assuming that the observed spectrum 
(figure 70) is from such internal Mn 2+ transitions, has estimated an 
osc i I I ator strength increase of the order of 1 o3 (i.e. a strength of 
10-4). They also from thermal and optical bleaching studies observed 
the following: Annealing of the main peaks (including 564nm band) over 
the same temperature interval, which may indicate that they areal I due 
to the same defect. Thus annealing results in 495nm TL emission and it 
is assigned to a transition from the lowest excited state of Mn 2+ to 
its ground state. Hence the ~564nm absorption band cannot be from Mn2+ 
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and first excited states of isolated Mn2+ and F centers. 
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ions. Furthermore, they noted that 564nm bleaching resulted in a 
decrease in alI of the absorption bands. Hence, it is not possible to 
reconcile these facts with the view that the bands are due to internal 
transitions in Mn 2+ ions. Instead, they suggest that the spectrum is 
due to perturbed [ center absorption in (Mn-f) complex(es) (i.e. a c3 v 
defect consisting of a body-centered Mn 2+ with ann [center along 
<111>). 
This model is possible as is discussed in what follows. The 
presence of an analogous center, namely, the PC center (RE2+_f) 
complex, has already been confirmed in CaF 2 :RE 3 + both 
experimental ly< 14 > and theoretically.< 4 I) It has been suggested that 
the observed spectrum due to these latter centers can be explained by 
using the energy levels of the FA-center (perturbed E. center). TheE 
center in CaF 2 has dT symmetry with respect to the ca 2+ ions. The 
optical absorption of this center (at ~375nm) corresponds to the 
transition from the orbitally-singlet s-1 ike ground state to the 
orb ita 1 l y-tr i p 1 et p-1 ike excited state. The presence of an impurity 
cation on a lattice site nearest the [center reduces the potential 
acting on it to c 3v. This symmetry reduction results in the splitting 
of the triplet excited state (see figure 14b). The optical absorption 
associated with these new energy 1 eve 1 s w i 1 1 consist of bands 
polarized in the plane perpendicular to the impurity (impurity-[) 
complex axis and along the (impurity-[) complex axis. 
AI ig <41 > arrived at the calculation of the energy levels for the 
PC center, in a manner simi Jar to that for the FA-center in alkali 
hal ides. He did so by substituting a Na+ ion for a RE ion. He suggested 
that the analogy with the FA-center wil 1 be complete if the impurity 
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ion was divalent and was of smaller size than the ca2+ ion. Mn2+ is 
such an ion having a smaller ionic size (.80A) compared with ca2+ 
(.99A). Thus from the point of view of both valency and size it fits 
very well with the above calculation. 
The observation which indirect 1 y supports the presence of the 
(Mn 2+-£) complex was the enhancement of the Mn-related absorption bands 
and a decrease in the "four-band" spectrum during heating (RT -200°C). 
We recal 1 from chapter 5 that heating to ~I50°C released electrons from 
Ce2+ (Oh). Capturing of the e 1 ectrons by pc+ centers formed PC centers. 
This consequently gave rise to an enhancement of the PC bands. In 
an analogous manner to this, what we may be observing in CaF2:Mn is the 
therma 1 re 1 ease of the e 1 ectrons from the trace RE2+ ions and their 
capture by (Mn 2+-£)+ (an ionized (Mn2+-I> complex) to form (Mn2+_f) 
center, thus increasing the Mn-related absorption bands (viz. figure 
68). 
Photoluminescence 
In order to understand the absorption and emission processes 
involved in the production of TL from Mn 2+-doped CaF 2, the emission 
properties of Mn 2+ in CaF 2 have been extensively studied.<lS) Earlier, 
in figure (3), we showed the 490nm emission from CaF 2:Mn (0.5%) for 
excitation at 390nm. This emission corresponds to a transition from the 
first excited4T1g< 4G) level to the 6A1g( 6S) ground state within Mn 2+ 
ions.<lS,8 7> However, it should be mentioned that from the point of 
view of the point symmetry of Mn 2+, which is Oh and possesses eigthfold 
coordination with the surrounding F- ions, the emission from these ions 
is normally expected in the orange-red, not green (495nm).(l5) The 
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green emission normally corresponds to Mn 2+ with fourfold 
coordination. CIS) 
The excitation spectrum for 490nm emission from CaF 2 :Mn 
(0.5%) is displayed in figure (80). We have labeled the observed bands 
according to the assignments of these bands made by Alonso and 
Alcala< 87 > using the Tanabe-Sugano diagram of Mn2+ in Oh symmetry 
(figure 81).<87 > The required crystal field (Oq) calculated by Alonso 
and Alcala<87 l is 425cm- 1. The assignment of these excitation bands are 
in agreement with the McKeever et al (IS) assignment of the absorption 
spectra for Mn 2+ in CaF 2 using an Orgel diagram (figure 82). They 
estimated a Dq value of 420cm-1. 
Thermoluminescence 
Earlier, we observed in figure (76) that the TL from high Mn 
concentration (31.) is a single, composite peak at ~280°C. This glow 
peak appears in the temperature range over which Mn-related absorption 
bands disappear. (82) We cone 1 uded earlier (Section A) that the 
center(s) responsible for these Mn-related absorption bands are (Mn2+_ 
[) complex(es). We now attempt to suggest our model for the production 
of this TL glow peak. 
During ionizing irradiation electrons and holes are generated. 
Capturing of holes by two nearest-neighbor F- ions forms the self-
trapped hole (Vk) center (see chapter 2, section 8). The Vk center is 
then stabilized at Mn2+ sites forming stable perturbed-Vk centers (the 
presence of stable hole centers at room temperature was already 
confirmed by other authors).< 35 - 37 l Recombination of the electrons 
wandering around in the crystal with these perturbed Vk centers forms 
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self-trapped excitons, i.e. E:.-H pair in fluorites (see chapter 2, 
section 8). Since the recombination occurs near Mn 2+, the E. center and 
the Mn 2+ form (Mn 2+-£.) complex(es). Heating results in E:.-H pair 
recombination. (Such recombination mechanisms were proposed for TL 
production in alkali halides.)< 13 • 77 > This yields 290nm emission.< 78 > 
Absorption of this emission by Mn 2+ ions (which possess a weak 
absorption band at 290nm) may then produce 490nm emission. This TL 
mechanism may be represented as follows: 
crystal + y-ray ~ e + h 
2F- + h ~ vk 
Vk + Mn 2+ ~ VKA(perturbed Vk) 
VKA + e- ~ ([-Mn2+) + H center heat 290nm light 
Mn 2+ + 290nm ~ Mn 2+* ~ Mn 2+ + 490nm light (Tl). 
( 7. 1) 
(7.2) 
(7.3) 
(7.4) 
(7.5) 
Thus, based on this model, the TL emission (490nm) from CaF 2 
doped with high Mn concentration (3%) is certainly not a result of 
energy transfer from rare-earth ions to Mn2+ ions. Thus, we believe the 
claim by Sunta< 8 > (see chapter !) is unfounded. 
Section C 
Summary and Conclusions 
The presence of trace rare-earth impurities influences the TL and 
optical absorption from CaF 2:Mn (viz. figures 70,77). This thus affects 
the thermal stability and sensitivity of TL from these materials. This 
effect was observed in the TL from CaF 2:Mn from two different batches 
but from the same manufacturer (figure 78). The 490nm TL light from 
CaF 2 doped with high Mn concentrations (31.) is certainly not a result 
of energy transfer from rare-earth ions to Mn 2+ ions. Instead we 
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believe it was produced via reactions (7.1-7.5). From indirect 
experimental evidence (figure 68) and analogy with the work of other 
authors(4,4l) on RE doped CaF 2 we conclude that the (Mn-f) complex(es) 
are formed in CaF 2:Mn. However, it is important to provide more-direct 
experimental and theoretical evidence for formation of these centers. 
CHAPTER VI I I 
FUTURE WORK 
In chapter 7 we presented indirect evidence for the formation of 
(Mn2+-f) complexes fn CaF 2:Mn. The further work which may provide more 
direct experimental and theoretical evidence for the formation of these 
complexes are as follows: (A) Optical dichroism (1 inear and circular 
dichroism). The (Mn2+-EJ complex consists of Mn 2+ at Oh site with a nn 
I center along the <111>. Since this aggregate (now with c3v symmetry) 
is made up of two defects at definite lattice sites, it can exhibit 
optical anisotropy. That is, optical absorption by the complex is 
dependent on the direction of 1 inear polarization of the absorbing 
1 ight (1 inear dichroism). Thus, by a study of the anisotropic 
absorption we can obtain information about the alignment of the 
complexes within the lattice and the orientation of the absorption 
dipoles relative to the defect axis.< 39> From these, one may determine 
models for the center and its energy level s.<3 9 ) The application of 
circular dichroism provides information regarding the orbitally 
degenerate states.< 39) 
(8) Theoretical calculation of the energy level of this complex 
(using LCAO methods) could be used to compare with the obtained 
experimental data. 
(C) The 1 ifetime measurement of 495nm emission from Mn 2+, both 
before and after irradiation would tel I us if the symmetry of Mn2+ is 
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altered by theE: center. This provides evidence for the formation of 
the F centers near the Mn2+ ions. 
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